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ABSTRACT
The radiation from the Alcator C tokamak plasma was measured with a
16 element, collimated, bolometer array and a single element bolometer
flush with the vacuum chamber wall. In the low density regime,
Re 4 2 x 1014 cm-3, and with molybdenum limiters, radiation dominated the
power balance, accounting for more than half the ohmic input, and
occasionally collapsing the temperature profile into a hollow shape. The
source of the radiation was molybdenum line emission.
At high densities, central emission became negligible, (i.e. less
than 10% of the central ohmic input). However, an enhanced emission
region developed on the upper inside edge of the. plasma. This region,
called a marfe, radiated strongly at wavelengths corresponding to low
temperature processes, such as H. and Carbon III emission. The total
power lost was comparable to the rest of the plasma.
A Langmuir probe revealed that the temperature was low and the
density was high in the marfe, compared to other edge regions. The power
conducted to the limiter in the marfe region was roughly a factor of 2
higher than the power conducted to the limiter outside the marfe. Other
Langmuir probes spaced around the torus showed a depletion of density
simultaneously with the increase in density seen at the marfe. Particles
appeared to be transported along field lines.
Thesis Supervisor: Professor Ronald R. Parker
Title: Principal Investigator
Associate Director, Plasma Fusion Center
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CHAPTER 1
INTRODUCTION
Current research in nuclear fusion is directed towards improving the
containment of thermonuclear plasmas. For magnetic containment, the
problem is 2-fold. First, the plasma must be held away from the vacuum
chamber walls without suffering a major disruption [1]. Second, the
plasma thermal energy must leak out slowly enough that plasma losses are
balanced by the fusion energy produced [2].
Energy losses from a magnetically confined plasma fall into 2
categories: conductive/convective transport through the medium, and
radiation. Within each of these groups there are several distinct loss
mechanisms. In the case of radiation, the causes of emission can again be
divided into 2 categories: those processes intrinsic to a pure hydrogen
plasma, and those processes due to the presence of impurity atoms
[3,4,5,6].
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1.1 MINIMUM POSSIBLE RADIATION
Hot plasmas always radiate via thermal bremsstrahlung and synchrotron
radiation although cooler plasma regions can radiate through hydrogen
recombination and neutral hydrogen line emission. The radiation from
these processes is the absolute minimum that is possible from a
thermonuclear plasma.
Thermal bremsstrahlung is most easily understood, classically, as
arising from the deceleration of charged particles (see Rybicki [7]).
However, because the photon energies are occasionally as great as the
particle energies, bremsstrahlung is properly calculated as the radiation
produced by quantum mechanical transitions between unbound states in a
continuum. The results obtained by the quantal and the classical
treatments differ only by a factor of order unity, called the gaunt
factor, and the functional dependence is identical. The correct result
for emission per unit energy is:
(1.1)
dW 25ire 6  21T 1/2
dV dt dv 3mc3  (W T-"2 Z Zg 2 nng g ~)ep-vkd td m0 3km eff e ~~fTv
where g(T, is the velocity averaged gaunt factor. WKS units are used
throughout, except where specifically noted. Integrating over all
wavelengths yields the total emission:
- 12 -
(1.2) Pbrem = 4.8 x -37 Zeff 2 neni1Te1 2 Watts / meter 3
(T in keV)
where Zeff is defined as the effective charge of the plasma. In the case
of a pure hydrogen plasma Zeff 1.
Synchrotron radiation is produced by the acceleration of charged
particles due to the effect of a magnetic field. It is calculated
classically, starting from the general expression for radiated emission,
without the non-relativistic approximation (see Stacey [2]):
d2Wrad e2 if x (p v X 9)12 (Irt)
4
(1.3) ( ) daz
dtdo (411)2 CO c3 (1 - OcosO )5
where
(1.4) rv = P - BINI and B = V/c
Substitute the expression for a particle gyrating around a magnetic field
line into the general radiation formula and integrate around a single
particle orbit and 4w solid angle. The result for total emission from a
single particle is:
dWrad e2rL2W4
(1.6) - = ___________
dt 6ireoc 3 I - ( rLw )2 12
Because emission is approximately proportional to rL 24 - (1/M)3, where M
is the mass of the particle, only the radiation from electrons need be
considered. The total emission from a plasma near thermal equilibrium is
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obtained from equation (1.1.5) by integrating over pitch angle and the
maxwellian distribution. The result is:
(1.7) Pcyl = 6.2 x 10-17 B2neTe (1 + Te/ 204 + .... ) Watts - cm-3
Equation (1.7) is the result for an optically thin plasma. In the
case that the plasma is optically thick, say at the cyclotron harmonics,
the power cannot exceed the blackbody level.
1.2 CONFINEMENT AND THE EFFECT OF IMPURITIES
A condition, called the Lawson criterion, can be derived for the
maximum loss that can be sustained through all non-radiative channels in a
fusion reactor that will still produce net energy (see Miyamoto [8),
Stacey [2], or [13)). This condition is constrained by the minimum
radiation loss due to synchrotron and bremsstrahlung emission. The more
stringent requirement that energy losses be balanced directly by fusion
alpha particle heating is the ignition condition. Both are derived from
the power balance relationship:
(1.2.1) Pa + Padd = Prad + Ptr
Where the terms are defined as: Pa = the direct heating due to energatic
alpha particles, Ptr = the power transported through the plasma medium,
Prad = the radiated power, taken to be the sum of cyclotron and
bremsstrahlung emission, Padd = the power added to the plasma to maintain
its temperature, and the confinement time, which is a figure of merit for
energy transport, is:
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<Plasma Thermal Energy>
(1.2.2) Ttr = tr
The power radiated is determined by substituting equations (1.2) and (1.7)
for the bremsstrahlung and synchrotron emission into the radiation term,
Prad- The power produced by the nuclear reaction which directly heats the
plasma is:
(1.2.3) Pa = (1/4)ni 2 <Ov>f Ua
where <av>f = the nuclear reaction rate, Ua = the energy per alpha
particle, and n is the density. The remaining energy released in the
reaction is as an energetic neutron. The total power produced is:
(1.2.4) Pn = 1/4 nj <aV>f UO
where UO = the energy of the neutron. The total power added to the plasma
is taken as the thermal conversion efficiency of the plant times the sum
of all loss processes and heat released as neutrons:
(1.2.5) Padd = n(Prad + Ptr + Pn)
These relations are substituted into equation (1.2.1). The solution is an
expression for the minimum density confinement time product, as a function
of temperature, for fusion power to balance losses:
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(3/2)(Te + T1)
(1.2.6) nT = <a_ ___ ___ __ ___+_Ti)
f (Ua + nu 0) - Prad/n2
4(1-n)
The ignition condition is obtained from equation (1.2.6) by setting n = 0.
These conditions are changed if radiation is increased above the
minimum levels, say due to the presence of impurities. The power loss
from a particular impurity species is calculated from the atomic physics
of the element and a statistical model [9], and the result is:
(1.2.7) Pz = nenzL(T)
where ne is the electron density, nz is the impurity density, and Lz(T)
is the cooling coefficient for the particular species. If expression
(1.2.7) is substituted into the Lawson criterion for the power radiated,
more stringent requirements are placed on the losses from other channels,
and breakeven becomes more difficult to attain. This effect has been
studied by several authors [10], notably Jensen et al. [11). For example,
table 1-1 lists the effects on confinement time for a thermonuclear plasma
from trace quantities of molybdenum. When the molybdenum fraction is
raised above 7 x 10-3 breakeven becomes impossible under any
circumstances.
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Table 1-1
Molybdenum (nz/nj) nT (sec-cM - )
0 8 x 1013
1 x 10-3 1 x 1014
3 x 10-3 2 x 1014
4 x 10-3 6 x 1014
5 x 10-3 ~ 1016
7 x 10-3
The power balance of magnetically confined plasmas is highly sensitive to
the presence of impurities, particularly high-Z impurities.
1.3 TOKAMAKS
The tokamak is the most successful magnetic confinement concept to
date; it has come closest to achieving the Lawson requirement. Perhaps
its success is due to its simplicity: the magnetic field is wrapped into
a torus, so charged particles must diffuse through the magnetic field to
escape. In addition, equilibrium is provided by a poloidal field,
produced by the current flowing in the plasma itself. This device is
described extensively in the literature [8,12,13,14,15,16,17,18,19,20,21].
Historically, impurity radiation has had a strong effect on some
tokamak experiments, which is not surprising given the theoretical results
shown above. On the early Adiabatic Toroidal Compression (ATC) device,
however, radiated power accounted for only 30% of the total ohmic input
[22]. Radiation was also small on the T-3 tokamak, accounting for 20% of
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the ohmic input [23]. Xenon was added to the T-3 discharge to test the
sensitivity of radiation on impurity content. With a 1% fractional
concentration of Xenon, radiation was raised to 35% of the ohmic input.
A strong effect on power balance has been most visibly seen on the
Princeton Large Torus (PLT) tokamak at Princeton [24,25]. PLT used a
tungsten limiter and suffered a comparatively large concentration of
tungsten in the discharge: nw/n ~ 4 x 10-3 [26]. The tungsten
concentration was sufficient so that impurity radiation at the center was
greater than the central ohmic input power, and the temperature profile
collapsed from a peaked shape to a hollow shape. A balance was ultimately
reached between the tungsten radiation, ohmic input power, and inward
conduction. Substantial radiation from the center of these discharges was
deleterious for 2 reasons, first, the total energy replacement time at the
center was reduced to near zero, and second, the hollow. profiles were
highly unstable and occasionally lead to major disruptions of the plasma.
This "debilitating" [26] instability was avoided by increasing the
pulse gas flow, using helium instead of hydrogen as working gas, or
refraining from the rapid-pulse discharge cleaning which prepared the
vacuum chamber for tokamak discharges. The significance of the last
method is that eliminating discharge cleaning increased low-Z impurities.
The explanation given was that low-Z radiation cooled the edge of the
plasma and reduced the thermal load on the limiter, which reduced the
heavy impurity concentration [27,28]. Even with discharge cleaning and
hollow temperature profiles, the low-Z impurity concentration on PLT was
quite high. Oxygen was the dominant species.
- 18 -
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The impurity problem on PLT was alleviated by using a carbon limiter
to remove the source of tungsten, and by titanium gettering. Titanium
gettering coats the vacuum chamber walls with titanium, which is an
effective absorber of impurities. However, the total radiation loss from
PLT was typically 30-60% of the ohmic input power [29].
Radiation losses from impurities also complicates plasma heating by
auxiliary sources. Neutral beam injection in the counter direction
(opposite direction to the current) was found to broaden the temperature
profile and increase the number of tungsten atoms entering the PLT plasma.
Typically 30-60% of the total (beam + ohmic) power was radiated. In the
case of Ion Cyclotron Range of Frequencies (ICRF) heating on PLT, 80% of
the auxiliary power was radiated away, rendering this scheme useless [29].
Fortunately, this is not the usual case.
Heavy impurities were also responsible for large radiation losses
[30] and temperature profile collapse [31] on the Oak Ridge Tokamak
(ORMAK) and the Divertor Experiment (DITE) [32]. The total power loss for
these 2 machines was also large: 60% of the ohmic power was radiated in
ORMAK and as much as 100% in DITE.
Because impurity radiation degrades plasma energy confinement, much
effort has been to reduce impurity concentrations. One method is the
divertor concept, which diverts a magnetic flux tube out of the torus into
a neutralizing chamber. The results on DITE, for example, were a
reduction in radiated power to less than 40% of the ohmic input.
- 19 -
The Impurity Studies Experiment (ISX-A) tokamak was built for the
primary purpose of studying impurity effects [33,34]. Impurity
concentrations and radiation loss were found to be sensitive to the
limiter material (stainless steel was the best), plasma fueling, and
titanium gettering. The researchers concluded that: "good confinement
was mainly due to reduction of radiation losses, especially those from
high-Z impurities". Impurities were deliberately injected into a
comparatively clean plasma to test their effects. A relatively small
concentration of high-Z impurities was sufficient to degrade energy
confinement by radiation. In normal discharges, radiation accounted for
less than 30% of the ohmic input, and the effective charge of the plasma
was less than 2.
Impurity radiation on the T-10 tokamak accounted for less than 50% of
the ohmic input [35]. Impurity concentration appeared to take on the
order of 0.4 seconds to accumulate, but the reasons were not understood.
Energy balance studies on the Tokamak Fontenay aux Roses (TFR)
tokamak show that radiation losses accounted for 40-60% of the ohmic input
power, however central radiation was lower, approximately 35% of the
central ohmic power [36]. Spectroscopic measurements of molybdenum line
radiation, (the limiter is molybdenum), give an even lower value for
central radiation: 4 10% of the local ohmic input. Within the q=2
surface, conductive and radiative losses were found to be about the same.
More recently, the Axisymmetric Divertor Experiment (ASDEX) has
proven the efficacy of divertors in reducing impurity levels and
associated radiation [37]. The most striking comparison was between
limiter and divertor discharges. With stainless steel limiters and no
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divertor action 65%-85% of the total ohmic input was radiated away. When
the divertors were used, total radiation losses were reduced to 1/3 of the
input power. More significantly, the central emission was reduced a
factor of 10 to "nearly vanishing" levels. Radiation was further reduced,
to 12% of the total ohmic input, when both the divertor and titanium
gettering were used.
The Poloidal Divertor Experiment (PDX) of Princeton is also involved
in studying the efficacy of divertors in reducing impurity radiation [3].
Although low-Z impurities are benign compared to the heavy metals
responsible for central radiation, they do increase Zeff. Because
bremsstrahlung losses are proportional to Zeff, central radiation can
increase (ref. eq. (1.2)). This effect is used to measure Zeff from
continuum emission [38]. More important, as Zeff is increased at a
constant electron density, the ion density is reduced. The dilution of
the tritium and deuterium fuel makes breakeven and ignition more difficult
to achieve [3].
Low-Z impurity radiation is also thought to be responsible for some
major disruptions. One model predicts that as the plasma periphery is
cooled by impurity radiation, the local plasma resistance increases. As
the resistance goes up, the local ohmic input power decreases. The plasma
cools more, and the current channel shrinks. If the radiation loss is
large enough, an instability sets in and the current profile collapses,
terminating the discharge. This process is thought to be one reason for a
density limit on tokamaks [39,40,41,42,43].
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Low-Z impurity control experiments have been done on the Macrotor and
Microtor tokamaks at UCLA with discharge cleaning techniques [3].
Discharge cleaning was particularly effective in reducing nitrogen and
oxygen concentrations on the vacuum chamber surface. High energy
discharges, on the other hand, activate the surface, so these impurities
were not removed but gettered. High temperature discharges were more
effective in removing Carbon.
Historically, impurity radiation has been strongly detrimental to
tokamak plasmas. Typically the energy confinement time was reduced, but
in extreme circumstances the discharges have become hollow and have
disrupted. Several techniques have been developed to reduce impurities
such as titanium gettering and discharge cleaning.
1.4 ALCATOR
The discharge cleaning technique was pioneered on the Alcator A
tokamak, which was characterized by exceptionally pure plasmas
[44,45,46,47,48,49,50,51]. Zeff measurements from the plasma resistance
were close to unity . More important, bolometric measurements indicated
that radiation from "neither high nor low-Z impurities played a dominant
role in plasma energy confinement" [52). Total radiation losses were
typically less than half of the total ohmic input, and central emission
was 15% of central input power.
The most significant result of the Alcator A experiment was that
confinement time scaled linearly with line averaged density
47,48,49,50,51,53). Because confinement was also assumed to scale with
the square of the minor radius this result led to the well known ALCATOR
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scaling law [47,48,49,50,52):
(1.4.1) T = 4 x 1012 na2  seconds
The scaling with "a" was assumed. Later experiments on Alcator C with
differing limiter sized have indicated that this scaling is incorrect
[103).
By operating at very high density: he = 7 x 1014 cm-3 Alcator
achieved both record density and the highest nT product at the time [50].
The record was:
(1.4.2) nt = 3 x 1013 sec-cm-3
which was only a factor of 2 from the breakeven condition. These results
were predicated on clean plasmas.
The Alcator result was considered promising because only slight
increases in density and minor radius were necessary to achieve reactor
conditions. The newer, larger Alcator C machine was designed and built
based on the A machine result. Moreover, reactor designs for the next
generation tokamak were based on Alcator scaling [54,55,56). In
particular, the International Torus (INTOR) [57) and the Fusion
Engineering Device (FED) [58] relied heavily on the ALCATOR results.
Alcator C began operations in 1978. Confinement studies were
performed, and the scaling of T vs. fie was measured. The results are
plotted in fig. 1-1 [59]. As a comparison, the prediction from the
Alcator A results is shown. The data are disturbing, because above
ne = 3 x10 14cM- I the measured energy confinement time is less than the
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predicted value [60). Below this density, measured confinement is about
what was expected. Studies were then undertaken to learn the cause of
this confinement loss above fi = 3 x 1014 cm-3, and perhaps rectify it.
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It was natural to propose that radiation might be the cause of
impaired high density performance [61]. The motivation for this study was
to determine whether radiation significantly degraded energy confinement
and which atomic processes were principally responsible for plasma
radiation in all regimes.
1.5 OUTLINE OF THESIS
Chapter 2 is a discussion of the background issues of radiation in
tokamak plasmas. Section 1 describes the major atomic processes and the
models used to calculate emission from the quantum energy states of
various impurity atoms. Using the collisional-radiative model, an
expression is obtained that shows that emitted power is a function of
density, impurity density and temperature. Section 2 discusses basic
transport formulation and section 3 concludes with the classical resistive
model for confinement on Alcator.
The experimental apparatus is described in chapter 3. There were 3
instruments specifically built for this study: a 16 element bolometer
array, a "2 41 bolometer, and a Langmuir probe inserted into the upper
inside edge of the vacuum chamber. Finally several diagnostics are
briefly described that provided additional information for this study,
built by other researchers in the Alcator group.
Chapter 4 details the preliminary results obtained with the "27r"
bolometer and the instrumented limiter.
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Chapter 5 discusses the bolometer array results for low density:
he 4 2 x 1014 cM- 3. In the low density regime, radiation dominated the
power balance in Alcator C, accounting for at least half of the total
ohmic input power, and at least half of the central ohmic input power. In
severe cases, more energy was radiated away from the center than was
deposited by ohmic heating. Under these conditions the temperature
profile collapsed into a hollow shape, and thermal energy was conducted
inward to sustain the radiation losses.
The cause of this emission was molybdenum line radiation from highly
ionized states. Molybdenum was inferred by making direct comparisons
between spectroscopic measurements of molybdenum line emission, and the
total power measured by the bolometer. The molybdenum concentrations were
then varied, both by scaling the electron density and by direct injection.
In all cases the bolometer signals were proportional to the
spectroscopically measured intensities. The density of molybdenum was
inferred from the data of Post and Jensen and was in the range
nm - 2 x 1011 cm-3.
Chapter 6 discusses the bolometer array results for high density. As
the plasma density was increased, central radiation decreased. The total
radiation loss from the plasma for densities Re > 3 x 1014 cM- 3, excluding
the marfe, was less then 20% of the total ohmic input power. More
important, the total radiative loss from the center was less than 10% of
the local ohmic power there.
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However, at higher densities the bolometer intensity profile was
normally strongly asymmetric towards the inside. This emission was
correlated with several low energy atomic processes, such as Ha and Carbon
III line radiation, indicating the radiation came from a cold plasma. The
asymmetry was also correlated with a breakup of the inside channel of the
density interferometer suggesting a region of high density. The
phenomenon was termed a marfe, and was located on the upper inside of the
vacuum chamber. The shape of the marfe region was inferred to be a
crescent. The total radiation from the Marfe was then calculated from the
asymmetrical part of the bolometer intensity profile and the inferred
geometry.
The total power calculated from the Marfe and the bulk plasma agreed
quite closely with the power measured by the 27 bolometer. The total
power from the marfe was comparable to the radiation loss from the entire
remaining plasma volume, typically 20% of total ohmic input power.
Chapter 7 discusses various properties of the marfe, in particular an
apparent concentration of impurities in the marfe and an exclusion of
impurities from other edge regions. Also, the Marfe and central
molybdenum radiation were mutually exclusive. Although there were
occasions where neither was present, never were both seen simultaneously.
Third, the marfe occurred usually at high density, typically
he >3 x10 14cm- I although this threshold was observed to vary as the
plasma current was changed. Finally, the poloidal position of the marfe
did not seem to vary with toroidal angle. This observation is significant
because the marfe did not follow total magnetic field lines but toroidal
field lines.
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The marfe was also studied at various limiter sizes. Although marfes
were seen with the smaller, 10 cm limiter, the local emission was reduced
compared to the 16 cm case.
Low-Z impurity radiation was inferred as the cause of the marfe
emission, by a process of elimination. For example, charge-exchange was
eliminated by using a side 2w bolometer. Because the Marfe was located on
the upper inside of the torus, charge-exchange neutrals had to pass
through the plasma to reach a side 2fr bolometer, and would be attenuated
to negligible levels. Because the side 21 bolometer measured nearly the
same power loss as the array, charge exchange didn't contribute
significantly to the marfe emission.
Probe measurements of the Marfe temperature and density and the
tables from Post and Jensen were used to infer the emission from atomic
hydrogen and light impurities. The calculated emission for hydrogen was
several orders of magnitude to small to account for the marfe radiation.
These results were confirmed spectroscopically. Radiation from molecular
hydrogen was also ruled out by spectroscopic measurement. Low-Z impurity
radiation, particularly from carbon, was found to be a plausible
mechanism. A Zeff of 1.1 was sufficient to account for the observed
emission if carbon were the principal radiator.
In chapter 8, alternate experiments are proposed to understand the
asymmetrical emission in greater detail. Some basic theory is described
which is needed for interpretations of the probe data which was taken. In
particular simple probe theory and particle flows in the limiter edge
region are reviewed.
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Results from studies with an array of Langmuir probes are discussed
at length in chapter 9. The emphasis is on the "marfe probe", which was
inserted into asymmetric emission region.
Radial density and temperature profiles of the marfe were obtained
for a series of nearly identical discharges which suffered marfes. These
measurements confirmed the suspicion that the marfe was a region of high
density, ne - 1014 cm-3, typically inside the limiter shadow. The
temperature was Te = 5 - 10 ev, and this value was confirmed by
spectroscopic measurements. The radial temperature and density profiles
were used to calculate the power conducted to the limiter. The power
deposited on the limiter in the marfe region was similar to the power
deposited outside the marfe region, near r=16.5 cm. However, the thermal
load on the limiter close to the vacuum chamber wall was greater in the
marfe, than outside, by a factor of 10. This enhanced thermal loading may
explain the burn marks on the limiter, and the internal damage to the
vacuum chamber.
An increase in density up to a factor of 5 was seen at the marfe
probe, correlated with a depletion of density at the D-top probe. This
flow of particles occurred at the onset of the marfe or shortly
thereafter. The probe at F-top also showed a depletion of density. This
behavior is consistent with the understanding that particles flow along
field lines.
When D-top depleted, the marfe was observed to move poloidally down,
and then quickly return to its original position. This motion was
associated with the presence of a pulsed gas valve at D-top, which raised
the local plasma density. No motion was observed when F-top depleted,
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where there was no gas valve. This model was tested by operating a pulsed
gas valve on the bottom of the torus, so there was no longer a
concentration of particles at D-top, and the movement was no longer
observed.
The marfe probe also saw a temperature drop which was correlated with
the marfe emission, observed by the bolometer. This drop was probably due
to the emission, because the power conducted radially into the marfe was
less than the radiation loss.
Chapter 10 presents the final conclusions of this study. Further
experiments are suggested to resolve questions that remained or were
raised by this work.
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CHAPTER 2
THEORETICAL BACKGROUND
There are three background issues to be addressed before entering
into a detailed discussion on the effects of radiation on Alcator
confinement time. First, the basic radiation processes and the
statistical models that connect them will be described. The result is a
simple expression in electron density, impurity density, and a function of
temperature. Next, the meaning of confinement time and a description of
power flows will be discussed. Third, the resistive model for tokamak
confinement will be derived. We will obtain expressions for the ohmic
power density profile, the peak electron temperature, and the confinement
time, in terms of the directly measured plasma parameters: toroidal
magnetic field, plasma current, loop voltage, and central line averaged
density. Within this context the specific effects of radiation will then
be considered.
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2.1 RADIATION PROCESSES AND STATISTICAL MODELS
Most of the radiation from a tokamak plasma is due to the presence of
impurity atoms. A particular impurity species will radiate at many
wavelengths by a variety of atomic processes, but bolometry measures only
the total power. Total power is calculated by summing over all the
individual emission rates, which are dependent on the population densities
of the initial and final states of the transitions. For this section the
appropriate references are Griem [62) & [65], Elton [63], McWhirter [64],
and [66)).
To calculate the population densities of allowed states, one of three
statistical models is invoked. These require opposing atomic transitions
to be balanced in equilibrium. An atomic .transition transforms an atom
from one state (energy or charge) to another. An opposing transition
performs the inverse transition. The balance between opposing processes
establishes a unique distribution of occupation numbers which depend on
the atomic rate coefficients. Once the population density is known, the
individual radiation rates can be calculated, and summed, to obtain the
total emitted power.
The bound states available to an electron depend on the charge state
of the impurity, which is a function of electron temperature. Typically,
the equilibrium charge state has an ionization potential that is roughly
three times the electron temperature. An impurity entering the plasma
will undergo successive ionizations, and reach higher charge states as it
reaches hotter temperatures. Near the center, where temperatures are
highest, low-Z impurities will have been fully ionized, or stripped, but
high-Z impurities may still have bound electrons.
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The principal atomic transitions in a tokamak plasma which radiate
are radiative decay and recombination radiation. Radiative decay, (a
bound-bound transition), emits a photon when an electron undergoes a
change from an excited state to a lower state, typically the ground state:
(2.1.1) S* + S + hv
If the transition probability is due to the electric dipole matrix
element, it is called an allowed transition. There are also "forbidden"
transitions, which are due to' less probable, higher order electric
multipole or magnetic multipole matrix elements. All these processes are
spontaneous.
In intense radiation fields, induced radiation may also become
significant:
(2.1'.2) hv +S* + S + hv + hv
Typically, induced emission is only important in plasmas that are
extremely dense and close to thermal equilibrium, and are not important in
the plasmas considered here.
When an ion recombines with an electron, the ion changes charge state
and usually emits radiation. The principal mechanism is radiative decay
(a free-bound transition) in which an electron combines with an atom and
drops to the ground state. A photon with energy equal to the ionization
potential plus the original electron kinetic energy is then radiated:
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(2.1.3) e + S+ + S + hv
Dielectronic recombination is a process where an electron recombines with
an atom, dropping from the continuum to an excited state, and a ground
state electron is excited to absorb the energy. Then both electrons decay
and emit photons.
(2.1.4) e + S+ + S** + S + hvi + hv2
The remaining recombination process is 3 body recombination, which reduces
the charge state of the impurity, but does not radiate. The energy lost
by one electron dropping from a continuum state to a bound state is
acquired as kinetic energy by a second electron:
(2.1.5) e + e + S+ + S + e
The atomic processes which oppose these are collisional excitation
and ionization. The principal mechanism is electron impact:
e + S + S* + e excitation
(2.1.6)
e + S + S+ + e + e ionization
The heavy particle impact excitation rate is small, by comparison, because
the collision frequency for ions is smaller than for electrons, by the
square root of the mass ratio.
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For each of the processes just discussed, there is also a direct
inverse process. Auto-ionization is the exact inverse of dielectronic
recombination. A doubly excited atom decays with one electron to the
ground state and the other to the continuum. Photo-ionization and
photo-excitation are the inverse processes to radiative recombination and
radiative decay. There is also collisional de-excitation and
de-ionization, which oppose the excitation and ionization processes.
These processes are important only in dense plasmas which are close to
thermal equilibrium. The reaction equations are:
hv + S + S+ + e photo-ionization
(2.1.7) hv + S + S* photo-excitation
S** + S+ + e auto-ionization
There are 3 statistical models used to describe the distribution of
states for impurities in a tokamak plasma: local thermodynamic
equilibrium (LTE), coronal equilibrium, and modified coronal equilibrium,
also known as the collisional-radiative model. These models postulate
that opposing atomic processes are balanced in equilibrium. All 3 assume
the steady state and ignore transport terms. They differ in which atomic
processes are balanced, and by the resulting distribution of impurity
energy and charge states. The choice of model depends on the plasma
conditions. In some regimes certain processes are small compared to
others and can be ignored. If the plasma is particularly dense and cold,
(a quantitative expression for the conditions is shown in equation
[2.1.11]), then collisional processes dominate and the local thermodynamic
equilibrium model pertains.
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The populations of energy states in local thermodynamic equilibrium
is described by the Boltzmann distribution:
Wb exp(-AEb/kT)
(2.1.8) Nb/N = p(T
P(T)
where
Nb is the density of a particular state,
N is the total density,
wb is the degeneracy of a particular state b,
AEb is the energy of the state above the ground state, and
P(T) is the partition function:
(2.1.9) P(T) = j wg exp(-AEj /kT)
There are two other important properties of the LTE model. First,
each atomic process is balanced identically by its inverse process. For
example, the rates for auto-ionization and dielectronic recombination are
identical, and photo excitation is balanced by radiative decay. Second,
because all radiative processes are balanced by their corresponding
absorption process, the plasma is optically thick at emission wavelengths.
The distribution is described by the Planck function and the emission and
absorption coefficients are related by:
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Cv = KVBv(T)
where cv is the volume emission rate, Kv is the absorption coefficient,
and Bv(T) is the Planck function.
Calculation of total power radiated from a plasma in LTE is in
principal quite straightforward: it is the integral of the Planck
distribution over all wavelengths for which the plasma is optically thick.
The conditions for LTE derive from the requirement that each process
is balanced by its direct inverse. For example, electron impact
excitation must be balanced identically by electron impact de-excitation,
which requires that electron impact de-excitation be greater than the
competing process, radiative decay. This condition is stated
approximately as a minimum density [64]:
(2.1.11) Ne > C(kT)1/ 2 X1/3
where x is the ionization potential and C = 1.4 x 1014 assumes the plasma
is optically thick. For the Alcator plasma, this condition becomes
Ne > 1016 cM- 3, so that the impurities are not in LTE. If the density is
much less than specified in equation (2.1.11) then the coronal model is
likely to be valid. Finally, if the density is close to the value in
(2.1.11), then the modified coronal model is used, which is a mixture of
the coronal and LTE models.
The condition for the electrons to be in thermodynamic equilibrium is
different than for the impurities. Although the impurities are not in
LTE, the electron distribution is typically a maxwellian (Boltzmann
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(2.1.10)
distribution with continuum weighting).
maxwellian electron distribution is:
(2.1.12)
The exact condition for a
tee '" tff, teh, tpart
where:
tee = energy relaxation time from electron-electron collisions,
tff = energy decay time from bremsstrahlung emission,
teh = characteristic electron heating time, and
tpart = particle confinement time.
The opposite model from LTE is coronal equilibrium. Here, radiative
decay is balanced by electron impact excitation and radiative
recombination is balanced by electron impact ionization. All other
processes are ignored. The rate equation for the balance between
ionization and recombination is:
dNz
d z = Nz+iNeR(z+1+z) - NzNeI(z+z+l)
dt
where R(z+1 z)
charge state
process at the
reduces to the
is the recombination coefficient from the z+1'th to z'th
and I(z+z+1) is the ionization coefficient for the inverse
given plasma temperature. In steady state, this expression
ratio of the two charge states:
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(2.1.13)
Nz+i I(z+z+1)
(2.1.14) NZ R(z+1+z)
Similarly, the equation governing the population density of a particular
excited state is:
dN*
(2.1.15) = N N X Z A *.N
dt z enn i n z
where:
N* is the density of the excited state,
N is the ground or metastable state density of a particular
charge state z,
Xnn* is the rate coefficient for electron impact excitation, and
An*i is the spontaneous transition probability to any lower state
i.
This equation can also be solved in the steady state for the power
emitted:
(2.1.16) E= hvA *Nz = hvNzNeXnn
The power radiated is proportional to the impurity charge state
density, the electron density, and a function depending only on
temperature. Similarly, the emission from recombination can be
calculated:
- 40 -
e = f NzNe I(Te,v) dv
again dependent on electron and charge state densities, (including the
continuum, and some function of temperature. Since the ratios of charge
state densities are fixed by the ionization/recombination equations, the
charge state densities will be proportional to the total atomic species
density. The total radiated power from a single impurity species is
calculated by summing over all ionization states existing at a given
temperature. The result is:
(2.1.18) P = NeNimpLz(T)
where the specific value of L(T) depends on the atomic physics of the
ionization states of the particular impurity.
The third statistical model is a mixture of the first two, called the
modified coronal, or collisional-radiative model. The atomic processes
dielectronic recombination and electron impact de-excitation and
ionization are included in the rate equations, but there is no requirement
that each process be balanced by its direct inverse. The population
density is typically not Boltzmann except for the states quite close to
the continuum. Like the coronal model, the occupation numbers depend
strongly on the rate coefficients and the total power follows the form of
equation (2.1.18). In all 3 models transport is ignored.
Direct calculations of the function L(T) have been made by Post,
Jensen, et al. [67), using the collisional-radiative model. These
calculations have been published for the range of impurities 2 < Z < 92,
and are available from the authors for hydrogen. The calculations also
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(2.1.17)
included the radiation from bremsstrahlung. These values allow inference
of an impurity density from the radiated power measurement:
P
(2.1.19) Nimp = NeL(T)
The inferred impurity density can be compared to the density obtained
from direct spectroscopic measurement. Moreover, in the case of low-Z
impurities, a comparison can be made to the Zeff of the plasma: Zeff is
measured either by an enhancement of the continuum emission, (cf. equation
1.1.2) [38), or by an increase in the plasma resistance (section 3, this
chapter). These measurements allow a cross check on the bolometer
results.
2.2 CONFINEMENT TIME AND POWER FLOWS
The energy confinement time defined in the context of the Lawson
criterion is a global measure of both ion and electron energy confinement,
and does not reflect the details of the power flow (cf. [21,68]). Because
the electron mobility parallel to the magnetic field is much greater than
for the ions, virtually all of the ohmic input power enters through the
electrons. Also, all the radiation losses are from the electrons, because
ion impact excitation processes are negligible compared to electron
impact. In ohmically heated discharges the ions are heated strictly by
electron collisions. A convenient way of describing this power flow is to
define individual confinement times for each loss channel. For the
electrons there is the total electron energy replacement time, the
confinement time due to radiation, the confinement time due to electron
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thermal transport, and the confinement time due to power flow to the ions.
These are defined as:
POH(r) 2.ff r'dr'V(r')j(r') (2vfR)P
(2.2.1) -1(r) O
'Ee 
- We(r) 2wfr r'dr' (3/2) Ne(r') Te(r')
is the electron energy replacement time within a toroidal surface of
radius r, which represents losses by all processes.
Prad(r) 21rf e(r')r'dr'
rad We(r) We(r)
is the confinement time due to radiation losses within a surface of radius
r. crad(r) is the volume emission rate in watts - cm-3.
P (r) 2rf Q(r')r'dr'
(2.2.3) TEA 1 (r) = 0 QA
We(r) We(r)
is the electron confinement time due to power transferred from the
electrons to the ions, where QA(r') is the volume power transfer rate
between electrons and ions. Finally,
(2.2.4) TEk~1(r) = 2T rE(r)
is the confinement time due to electron convection/conduction through the
surface at radius r. rE(r) is the thermal flux due to both particle
convection and thermal diffusion. The values for all these terms are
obtained by solving a set of transport equations with known profiles of
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crad(r), Zeff(r), ne(r), and Te(r) [68). Two terms are of interest here:
the total energy replacement time and the confinement time from radiation.
The confinement times are measures of energy loss rates, and
consequently they are related by:
(2.2.5) TEe-'(r) = Trad 1(r) + TEA~1(r) + -Ek-1(r)
The question motivating this study was whether radiation dominated
Alcator power balance, particularly in the high density regime.
Quantitatively, if radiation dominates power balance then radiation loss
is greater than all other losses combined:
PRad > (1/2) POH
(2.2.6) or equivalently
Trad-l(r) > (1/2) TEe~1(r)
Equation (2.2.6) considers only the total power within a toroidal
volume of radius r. A more informative relation would consider local
power balance but this would require a solution to the entire system of
transport equations.
The power balance at the plasma center is particularly important.
Because the plasma is hottest at the center the fusion reaction rate will
be greatest there. Also, the local ohmic power is greatest at the center
so that central radiation will directly degrade energy confinement. Edge
losses are less significant because most of the energy will have diffused
from the center, and will have been confined on the order of the
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confinement time. Edge radiation does not directly reduce confinement,
but can do so indirectly through profile modification.
The confinement time relations are easily modified to reflect central
confinement by taking the limit r + 0. The central electron energy
replacement time becomes:
(2.2.7) T 1(o) -- (2rR)- V(O)j(O)
TEe (3/2) Ne(O)Te(O)
the confinement due to radiation is:
(2.2.8) Trad "l(r) = C3 O)(3/2) Ne(O)Te(O)
and similarly for the other terms. Since the times still represent a loss
rate, they are also related by equation (2.2.5). and the condition for
radiation dominating central power balance is:
tEe(O) e(O)
(2.2.9) > 1/2
Trad(O) (2wR)- V(O)j(O)
2.3 THE RESISTIVE MODEL
Power balance on Alcator is described by a simple resistive model
[21,69) because it is ohmically heated. The central current density for
peaked discharges is limited by the sawtooth instability, and is derived
from the condition for minimum central q. The safety factor, q, is
defined as:
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1 BT(2.3.1) q = - - dX27r BPR
where the integral is performed around a flux surface [13, Bp and BT are
the poloidal and toroidal magnetic fields, and R is the major radius, and
all are functions of the flux coordinate.
At the center of the discharge, taking the limit r + 0:
2BT
(2.3.2) =O 2  .
The sawtooth instability limits the central q to a minimum of -.85. As
central current tends to increase, qO decreases, and the instability sets
in. Current is expelled from the center and qO increased to above unity.
The maximum average central current, jo, is therefore limited by the
minimum qO
2BT
(2.3.3) jo= qO -.85
The current profile on Alcator is conveniently modelled as a
Gaussian:
(2.3.3) j(r) = joexp(-r 2/aj2)
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Because the integral of the current profile must equal the total
current:
(2.3.5) I = 2iff rdr j(r) = 2ffjef' rdr exp(r 2 /aj2)
and because the central current density is fixed, the shape factor, aj, of
the current profile depends on plasma current. Solving the integral:
(2.3.6) aj = (Ip/jO r)1/2
Now substitute for the central current density using equation (2.3.3):
(2.3.7) I = raj2BT
IIORqO
This expression is solved for the gaussian shape factor in terms of the
limiter radius, and the central and limiter safety factors:
(2.3.8) aj = a.(qo/q,)1/2
The electron temperature profile is calculated by assuming
neo-classical plasma resistivity. During the plasma current flattop the
voltage and Zeff(r) are assumed to be constant across the plasma cross
section. Zeff has been measured constant across the cross section [38].
The parallel resistance for a plasma in a tokamak is given by [21]:
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(2.3.9) v = e G(Zeff)
nee2 fT )(i. CRfTe)(1a- v*e) (I+Ev*e )
The first term is the classical perpendicular plasma resistance for a pure
hydrogen plasma, which can be rewritten [70):
= 1.1 x 10-' lnA T-31 2(ev)
nee 2 e
(ohm-meters)
where ln A -15 is the coulomb logarithm and Te is the electron temperature
in ev.
The second term, G(Zeff), is a function that is nearly linear in
Zeff:
Zeff(2.67 + Zeff)
(2.3.11) G(Zeff)+ Zeff)
This term accounts for the increase in plasma resistance from impurity
ions, and for the difference in parallel vs. perpendicular resistance.
The final term in the expression for nu accounts for the increase in
plasma resistance due to trapped particles in a tokamak. Trapped
particles reduce plasma conductance because a fraction, fT, of the
electrons do not carry current but do collide with the streaming
particles. This final term is significant only near the plasma edge,
where e = r/R is important, and for this examination will be ignored. The
plasma resistance in a tokamak can now be written:
- 48 -
(2.3.10)
nil = 1.1 x 10-4 InA G(Zeff) Te3/ 2 (r)
where the only dependence on minor radius is from the electron temperature
profile.
Given the assumptions that the steady-state loop voltage and Zeff(r)
are constant in r, the plasma resistance and current profiles are related
by Ohm's law:
(2.3.13) np = 21rR j(r)
Substituting for j(r), and n1j:
1.1 x 10-4 lnA G(Zeff) T-3/ 2 =
e 27rR jo exp(-rz/aj2)
which must hold for 0 < r < at. Therefore, the temperature profile must
also be a gaussian:
(2.3.15) Te(r) = Teo exp(-r 2/aT2 )
where the shape factor for the temperature profile is:
(2.3.16) aT = (3/2) 1/2 aj = (3qo/2q,)1/2 a.
and the central temperature is:
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(2.3.14)
(2.3.12)
3/72  1.1 x 10-4 lnA G(Zeff) 2iR j(2.3.17) Teo 
-t
Substituting for jo, and lnA ~ 15, the expression for Teo reduces to:
(./2  1.7 X 104 G(Zeff) BT(2.3.18) Teo" =t
In summary, we have derived expressions for the plasma current
density, temperature, and resistance profiles, for an ohmically heated
discharge in terms of the measured parameters: BT, Zeff, Ip, and Vt.
These can also be combined to infer the ohmic dissipation profile:
j2 Vt
Poh(r) = nii(r)j 2(r) = j(r)
(2.3.19)
VBT exp-r 2 /aj2)
wR2tq
which can be compared to the volume emission rate, to measure whether
radiation dominates local power balance, particularly at the center.
The temperature profile is used to calculate the total energy
confinement time. For precise confinement calculations measured electron
temperature profiles are used, but an approximate expression will suffice
here. Recall the definition for the energy replacement time:
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(2.3.20) TE ('/2) f Ne(r) (Te(r) + Ti(r)) d3V
IpyV
where the integral is performed over the plasma volume. We assume that
the ion temperature is some fraction, a, of the electron temperature,
everywhere, and the density and temperature are axisymmetric. The
expression for TE reduces to:
67r2R(1+) ay(2.3.21) TE f o rdr Ne(r)Te(r)
The electron temperature profile is the gaussian derived in the previous
section:
(2.3.22) Te(r) = Teo exp(-r 2 /aT2)
This has been confirmed for most cases by direct measurement with electron
cyclotron emission, X-ray emission, and Thomson scattering [71].
The electron density profile is measured with a multi-chord density
interferometer, and is conveniently and accurately modelled by a parabola
to some power m:
(2.3.23) ne(r) = neo(1 - r2/a.2)m
The exponent, m, varies depending on the plasma conditions, but is
typically 1/2 4 m 4 2 [80].
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Substitute in the expressions for ne(r) and Te(r), including the
value of Teo calculated from the resistive model:
(2.3.24) E =
6ffR(1+0) 1.7 x 104 G(Zeff) BT 2/3 at 2 2
IpVV() 10 rdr(1-r2/az2)m expV-r /aT
It remains to evaluate the integral. The result will depend on the
exponent m, which describes the peaking of the electron density profile.
The dependence is weak because the integral is weighted toward the center
by the gaussian temperature profile, and can be virtually eliminated by
expressing the density profile in terms of the line averaged density
instead of the peak:
(2.3.25) fl = a- I Neo(1
The dependence of he relative
dependence of TE on m, so the
nearly eliminated when TE
example, take the simple case
(2.3.26)
- /a,2)m ds
to neo on the exponent m is similar to the
effect of the uncertainty of the exponent is
is expressed in terms of the average. For
m=1, then:
Re = (2 3)neo
Substitute this into the expression for TE, and make the change of
variable: x - /aT2 . The equation for TE becomes:
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(2.3.27) TE =
6 7i2R (1+ )
I (/2)e (
1.7 x 104 G(Zeff) BT 2/3 2 6-1/2
V~q0 ) (aT /2) fo (1-6x)exp(-x)dx
where
(2.3.28) aT
2  3qO
agt2 2qt /2
This expression simplifies to:
(2.3.29)
TE = 1.4 x 10-12
R2 (1+0) 5e (G(Zeff)) 2 /3 c11/3
y t5/3q
1 / 2
_0 (1-6x)exp(-x)dx
where TE is in milliseconds, fe is in cM-3, and all other units are WKS.
The integral depends on the parameter 6, and to first order in 6 is:
(2.3.30) 6-1/2 3q1f 0(1 - 6x) exp(-x) dx = 1-6 = 1 - - - 1/22 qt
The final result is obtained by substituting back for the value of the
integral:
(2.3.31) TE = 1.4 x 10-12
2/3 1/
R2(1+0) fe (G(Zeff)) q0 1/1
V5/3BT1 /3
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3qO
(1 - q
2q,
Using the simple resistive model, the total energy confinement time
has been derived in terms of only 4 measured quantities: toroidal field,
central line averaged density, loop voltage, and a weak dependence on the
plasma current. The value of q0/1q is generally fixed by the accessible
regimes of stable operation. A correlation between the loop voltage and
the bolometrically measured radiation would indicate that radiation does
effect confinement on Alcator C.
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CHAPTER 3
EXPERIMENTAL EQUIPMENT AND CALIBRATION
Two pieces of equipment were built to measure radiation from the
Alcator plasma: a bolometer array and a moveable, "2rr" bolometer. Since
the object was to measure total radiated power, the detectors had to
respond equally to radiation in a broad region of the electromagnetic
spectrum, typically from the infra-red through 10 keV X-rays. Although it
was not measured, the bolometer was assumed to respond to the energy from
neutral particle emission as well.
The device chosen is termed a thinistor, and is a small chip of
semiconductor material [72]. The thinistor flake is a mixed oxide
semiconductor material with a standard thickness of 40 microns. They can
be free standing, or mounted on a metal or ceramic substrate. The
detectors used for the array were free standing to reduce the heat
capacity as much as possible. The "2n" bolometer, however, received much
greater power flow, so a nickel foil backed thinistor was chosen. The
thinistor resistance is a sensitive function of temperature, typically 5%
per centigrade degree. When radiation impinges on these detectors, it is
converted to heat and the resulting resistance change can be measured
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electronically.
Care was taken to prevent reflections from the bolometer surface that
might have caused errors. Reflection is particularly strong for shallow
angle of incidence, but can be eliminated by depositing a black, absorbing
material on the detector surface. The "2 " bolometer was covered with
"gold black" to insure total absorption for the wavelengths of interest.
The array bolometers, however, were left uncovered. Radiation would
impinge on these detectors at near normal incidence, and the bulk of
plasma emission was in the ultraviolet so that it would be easily
absorbed.
3.1 THE "2w" BOLOMETER
The "2 * bolometer was built first because of its relative ease and
simplicity. The thinistor was held flush with the vacuum chamber wall.
Assuming, (incorrectly), that the plasma emission is entirely isotropic,
the total radiation could be measured directly:
Area of Vacuum Chamber
(3.1.1) Plasma Radiation = x Power onto 2w Bolometer
Area of Detector
The term "2r" was coined because the bolometer viewed 21r steradians solid
angle.
The thinistor chip was mounted on a microcircuit header using a
vacuum compatible, fibre-glass epoxy. The header was then tack-welded to
a vacuum feedthru at the end of a re-entrant tube. The tube could slide
in and out of a wider support tube. At full extension, the bolometer chip
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was flush with the vacuum chamber and a steel washer welded to the support
tube end. As the detector was withdrawn, the washer acted as a
collimator, restricting the view of the bolometer. A detail of this
construction is shown in fig. 3-1. This feature was intended to obtain
spatial information about radiation loss, however the signal to noise was
insufficient to do the inversion.
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The vacuum design of the 2N bolometer is shown in fig. 3-2. The base
of the assembly was a 4-1/2" to 2-3/4" converter flange. Two tubes
extended through the base and into the keyhole of the port. The inner
tube supported the thinistor and header assembly at its bottom tip, and
provided re-entrant access for electrical connections. The outer tube
provided support for the inner one, and collimated the thinistor view.
This tube was welded to a 2-3/4" flange which was bolted to the base. The
inner tube was welded to a single size 2-3/4" flange, which was not firmly
mounted. Rather, this flange was connected to the double sided flange by
a welded bellows, allowing the tube, flange, and thinistor to move up and
down. The entire assembly was surrounded by a stainless steel housing. A
threaded rod passed through a bolt on the top of this housing and held the
moveable flange. The position of the thinistor was controlled by turning
this rod, allowing either 2w operation or collimated views.
3.2 BOLOMETER ARRAY
The radial profile of plasma emission was obtained by a 16 detector
bolometer array. The thinistors viewed the plasma through collimating
tubes, which were arranged along different chords of the plasma cross
section. Because access was restricted by the port itself, the innermost
(smallest major radius) chord was only 12.6 cm inside of the plasma
center, the inside plasma could not be viewed up to the limiter radius of
16.5 cm. However, the outermost chord (largest major radius), extended to
18 cm. In addition to the 16 bolometers, a 2v bolometer was mounted on
the array structure, which was used to compare the total power to the
integrated radiation profile obtained from the array.
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Special care was taken to prevent small angle reflections on the
inside of the collimating tubes, which would otherwise cause measurement
errors. Each tube had an internal thread cut so that light rays impinging
at a shallow angle would intersect the collimator surface at nearly normal
incidence. In addition, the insides were black-passivated, which is a
chemical process that renders stainless steel black. The surface was not
as absorbing as "gold black" but it was more durable and was vacuum
compatible. The combination of the black-passivation and the internal
thread was assumed to eliminate significant internal reflections.
The array structure is shown in fig. 3-3. The detectors were spaced
approximately 2 cm apart, although the exact dimension varied depending on
the access allowed by the 3 keyholes. The array was able to view the
entire outside half, (large major radius), of the plasma to 18 cm, over
which 10 detectors were spaced. The collimating tubes were dimensioned so
the full width, half maximum spot size at the plasma midplane was also
about 2 cm. This design allowed the maximum possible resolution for the
number of detectors.
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The Bolometer Array
Fig. 3-3
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Bolometers are difficult to instrument because the output signal is
small, and they typically suffer from poor signal to noise ratio. There
are 2 reasons why. First, bolometers convert the incident power to heat.
The heat changes the temperature, which alters the device resistance.
This change is quite small, about 4% per degree centigrade. Even if the
detector is small, as these are, the impinging radiation is usually only
sufficient to vary the resistance by a few percent. Second, the bolometer
resistance is proportional to the energy deposited. The output is
proportional to the integral of the impinging flux, and must be
differentiated to recover a signal proportional to intensity.
To alleviate this problem, the circuit used to measure each thinistor
resistance was a lock-in amplifier, designed to be highly noise immune.
An instrumentation amplifier measured the voltage across each detector,
which was driven by a current source. This input circuit was kept at
vacuum chamber ground and coupled to the remaining electronics with an
isolation amplifier to minimize common mode interference. The opposite
side of each detector from the current source was connected to a voltage
source which kept the inputs to the instrumentation amplifier within its
dynamic range.
The current source was modulated by a local oscillator at 4 kHz. The
bolometer signal at the isolation amplifier output was synchronously
detected with the same oscillator. The product was filtered to obtain a
level proportional to the bolometer resistance, and was used 2 ways: as
an absolute measure of bolometer resistance, which was needed for
calibration, and as a measure of the change of resistance. The second
signal was obtained by high pass filtering the detector output at 0.004 Hz
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(RC = 40 sec) to eliminate the DC level and retain only the AC component.
This output was connected to a differentiator circuit, which provided
more amplification, buffering, and filtering. Differentiation was
necessary to convert the bolometer signal to a voltage proportional to
power. A block diagram of all the instrumentation used is shown in fig
3-4. Appendix 1 contains the schematics.
The DC outputs from all 16 channels were multiplexed onto a single
data channel in order to save digital storage. This signal was recorded
simultaneously with a stairstep waveform. The data reduction program was
then able to discern which multiplexed level corresponded to each
bolometer by comparing the value of the stairstep waveform voltage to
known values and calculating the bolometer resistance directly from the
inferred DC level.
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The system was kept highly flexible. Amplification factors and
filter frequencies were adjustable from the front panel. In practice, the
plasma radiation varied over such a broad range that it was often
necessary to change gains during experimental runs. The electronics for
each bolometer channel were on individual printed circuit boards, with
separate boards for the differentiators. The system also had controls for
detector heaters, so that the bolometers could be kept within their normal
operating range.
CAMAC standard analog to digital converters and storage was used for
data acquisition, with ultimate data retrieval by a central computer. In
addition, we had the convenience of an analog, oscilloscope display, for
viewing the unprocessed data.
The computer program used to reduce the data performed 3 basic tasks:
1. calculating the appropriate calibration coefficients from the
data table and the measured device resistances,
2. transforming the intensity profile to obtain the radial emission
profile, and
3. integrating this profile to obtain the total radiated power. The
value for total power was compared to the value obtained from the
2r bolometer, mounted on the array.
The program also used basic plasma diagnostics such as loop voltage, main
magnetic field, and plasma current, to calculate the ohmic input power
both locally and globally, and the ratio of radiated to ohmic power.
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Before the bolometer data could be Abel inverted, the program had to
interpolate the intensity profile to obtain a smooth function of radius.
This procedure was repeated for each digitization of data, which had been
taken at 2 ms intervals. Also, the outer half of the profile was
reflected about the plasma center, and the result used for the inversion,
to eliminate any asymmetries in the intensity profile.
Some of the data shown in this thesis has not had the calibration
factored in, but is shown as polaroid pictures of oscilloscope traces.
These traces indicate qualitative behavior only or display data other than
from the bolometer.
Calibration was emphasized during preparation for the experiment.
There were 3 aspects to the calibration problem.
1. All the gains and sensitivities had to be measured accurately
before the experiment could begin.
2. The bolometer sensitivity depended on its temperature. Because
temperature varied during data taking, the bolometer base
resistance had to be measured. Later, when the data was inverted
by the reduction program, this information was used to adjust
calibration.
3. Bolometer calibration was inherently difficult because the device
sensitivity was so low that it was difficult to obtain a
satisfactory signal to noise ratio with conventional
illumination. This problem was compounded by the uncertainty of
light absorption at the bolometer surface.
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We first consider the response of the entire system: bolometer and
instrumentation. The output of the electronics is the product of several
factors: the mass and heat capacity of each device, the gain and driving
current of the electronics, the unity gain frequency of the
differentiator, and the relative sensitivity of the thinistor itself.
Specifically, the output voltage can be written as:
1 d dV dR dT
(3.2.1) Volts = -- -- -- - dE f (Power Impinging) dt'
where
1 d
- - effect of differentiation
WO dt
WO = differentiator unity gain frequency
dV
= driving current x gain of electronics = It x G
dR
= change in bolometer resistance with temperature: the relative
dT device sensitivity.
= (mass x heat capacity)-l = (MC P)-1
dE p
f Power impinging dt' = Integrated energy deposited on thinistor
Pi(t) = power impinging
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Rewriting this expression with the specified quantities gives:
1 1 dR d
Volts = ItG - --- dtJ P(t') dt'
t O MCP dT dt0
(3.2.2)
ItA dR
C 7- Pi(t)
WOMCP dT
There are 3 factors that needed measurement in this equation. The
first was the term dR /dT, which depended on the ambient resistance of the
thinistor. The thinistor resistance is an exponential to polynomial power
of the temperature:
(3.2.3) R = RO exp((-1)(AT3 + BT2 + CT))
The relative bolometer sensitivity is found by taking the derivative of
this equation:
dR
(3.2.4) -= R((-1)(3AT2 + 2BT + C))
Because the bolometer temperature could not be accurately and
independently measured, it was inferred from the thinistor resistance. A
cubic equation for the temperature was obtained by taking the logarithm of
equation (3.2.3). Then all the terms were either known from the device
characteristics, (e.g. A, B, C), or were measured, (e.g. R):
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AT3 + BT2 + CT + ln(R/R0 ) = 0
This equation was solved for the temperature T, given the base resistance
Ro . Since the temperature changed less than a degree during the course
of a plasma discharge, it was necessary to compute the temperature only
once for each plasma shot. Once the temperature T was known, the
sensitivity, dR/dT, was evaluated directly. Only one remaining factor had
to be measured to convert the measured output voltage to the impinging
power:
I tG
(3.2.7) ItG
WOMCp
Three of the terms in this expression were functions of the
electronic instrumentation exclusively: G, It, wo. These were measured
directly on the test bench. The remaining factor: MCp was the only one
that required calibration.
In general, the quantity MCP is measured by illuminating the
bolometer with a known source of energy. If all the remaining factors
have been measured explicitly, MCP can be inferred from a measured system
response to a known source of energy. However, in the case of bolometers,
the problem is more difficult. The signal to noise ratio obtained with
conventional illumination is usually poor, because the bolometer is
inherently an insensitive device, and is complicated by the uncertainty of
visible light absorption at the bolometer surface.
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(3.2.5)
To avoid this problem the bolometer system was calibrated in a novel
way. A capacitor of known value at a fixed voltage was discharged through
each thinistor. The energy deposited in the thinistor was:
(3.2.8) E = (1/2)C(V12 -V2 2
where V1 = the charged voltage, and V2 = the discharged voltage. The
change in bolometer resistance was measured using the same experimental
apparatus as for data taking. An accurately timed switching system
isolated the bolometer from the electronics, discharged the capacitor with
an SCR, and reconnected the bolometer to the electronics. The output from
the instrumentation was stored in the CAMAC system, and transferred to the
computer. A calibration program calculated the response of the bolometer
system to the energy deposited, which was known from the voltage across
the capacitor, and inferred the total sensitivity. The program also
factored in the other calibration constants such as gain and test current
so MCP was calculated explicitly.
There are two time constants that must be considered here, the
thermal equilibration time of the bolometer, (response time), and the
thermal decay of the bolometer through the supporting wires, (thermal
decay time). For the calibration to be correct, the energy must be
deposited in the device on a time scale long compared to the response
time, so the thinistor has fully changed resistance, and short compared to
the decay time, so negligible heat is lost through conduction. These
conditions were fulfilled. The response time was a couple of
milliseconds, which was short compared to the time during which the energy
was deposited, (about 1 second). Also, the energy deposition time was
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short compared to the thermal decay time, which was about 20 seconds.
This calibration scheme has several advantages over conventional
illumination.
1. The energy deposited is typically much greater than that by
illumination, and it is over a shorter time period. Consequently
the signal to noise ratio is better.
2. There is no uncertainty about light reflecting from the bolometer
surface.
3. The entire system is calibrated, so that uncertainties in the
electronics calibration are corrected.
4. Calibration was performed regularly in the Alcator vacuum chamber
to insure an accurate measurement and to account for any changes
in device response. It was not necessary to remove the array and
calibrate on a test bench.
We also double checked this calibration by comparing it to a calibration
performed with conventional illumination. The two methods agreed to
within experimental error.
All calibration coefficients were stored in a data table on the
Digital Equipment Corp. PDP 11/T55 computer. As each plasma shot's data
were recorded and archived, the calibration coefficients were copied and
archived with the data. This table was updated periodically, such as when
amplifier gains had to be changed to keep the signals within the dynamic
range of the electronics, and after periodic calibrations of both the
electronics and the bolometer were performed. Since this information was
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stored with the data, the calibration information was always correct and
appropriate.
3.3 MARFE PROBE
The bolometer data indicated that there was substantial emission from
the edge plasma on the upper inside of the torus. A Langmuir probe was
designed and constructed to investigate this region. There were two
purposes: first, to obtain temperature and density profiles in that
region and, second, to determine whether particle fluxes might contribute
to the phenomenon.
The design of the "marfe probe", as it was called, was made simple by
copying the 2w bolometer vacuum design. The two are are identical in all
vacuum hardware respects except that the moveable re-entrant tube of the
marfe probe is much longer than the one for the 2ff bolometer, and
consequently extends far beyond the end of the support tube. We also
designed and built a 16" flange to support the marfe probe, and other
probe diagnostics. The marfe probe was built so that the re-entrant tube
was located as far to the inside, (small major radius), as the limited
port access would allow: -12.5 cm. from plasma center. The vertical
position was adjustable from well within the port keyhole, to the toroidal
midplane at full extension.
A single wire feedthru was used at the end of the tube. The probe
tip used the same wire (.05" nickel), covered with a ceramic tube so that
0.3 mm was left exposed. The ceramic tube was covered with a stainless
steel tube for protection. The probe tip (.05" x .3 mm) was large enough
that it was capable of being used in high density plasmas.
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The electronics used to drive the probe was left over from a previous
edge probe experiment. It provided ground and signal isolation so that
the probe signal could be stored on the CAMAC instrumentation, which was
at control room ground. The electronics consisted of a square wave
generator; an integrator; a high voltage, operational amplifier power
supply; and an isolation amplifier. The signal generator and integrator
provided a signal with a steady negative level followed by a ramp to
positive voltage. The power supply amplified this signal to a 45 volt
level and provided the current drive necessary for the probe. Everything
was ground isolated. Fault protection was achieved by fusing the probe
cables and bypassing with surge voltage protectors.
3.4 OTHER DIAGNOSTICS
Much of the work we did used diagnostics provided by other physicists
on the Alcator staff. In many cases we searched for correlations between
the bolometer behavior, and that of other diagnostics. There are several
experiments in particular which should be pointed out. Fig. 3-5 is a
schematic of the Alcator machine, as viewed from the balcony, showing the
location of the diagnostics used, both ours, and those of other
physicists.
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The visible bremsstrahlung array was a side looking array of 20
detectors that were filtered to look in the visible spectrum [38). The
purpose of the diagnostic was to measure the Zeff profile of the plasma.
Occasionally, the array was filtered so the detectors were sensitive only
to line radiation from doubly ionized carbon ions.
The alcohol laser density interferometer was used to measure the line
averaged electron density on 5 vertical chords of the plasma cross section
[73]. This diagnostic provided the central line averaged density and
electron density profiles. The inside channel (-12.5 cm.) also provided
insight to the marfe phenomena.
We also used several Ha detectors, (X = 6564A), placed at various
locations over the course of our studies.
Near the end of this investigation, particle flows in the limiter
scrape-off region were examined. Three Langmuir probes in different
locations were used in addition to the marfe probe. These were the RF
probe on D-top port, the double probe on F-top port, and the RF probe
attached to the lower hybrid waveguide on C-side port, called the
waveguide probe. These were used with the marfe probe to investigate the
possible causes for the enhanced emission observed at the plasma edge seen
by the bolometer.
An instrumented limiter was used in the preliminary stages of this
study in conjunction with the 2n bolometer to determine the ratio of
conducted vs. radiated power, and to try to account for the total ohmic
input. The limiter is a molybdenum diaphragm which constricts the plasma
to (typically) a 16.0 cm radius. The vacuum chamber walls, at 19 cm, are
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protected from damage by the plasma. Thermocouples were attached to the
limiter blocks. Each molybdenum limiter block was weighed, to determine
the mass and heat capacity. The energy deposited on the limiter during a
plasma discharge was inferred from the change in block temperature
measured by the thermocouples.
The study of power balance on Alcator was begun with this array of
experiments.
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CHAPTER 4
PRELIMINARY STUDIES WITH THE 2w BOLOMETER
Preliminary radiation and power balance measurements were made with
the 2ir bolometer and the instrumented limiter. There were 3 objectives to
this set of experiments:
1. Determine whether there was a correlation between the degradation
of energy confinement at high density with total radiation. This
experiment could not prove that radiation was or was not the
cause of the confinement loss, because no spatial information was
available, but it would at least indicate whether radiation was a
candidate.
2. Attempt to account for all the input ohmic energy with the
bolometer and the limiter energy measurements. If the total
limiter energy and radiated energy equaled the ohmic input, then
the accuracy of the experiment would be verified. If the
bolometer and the limiter could not account for all the energy
then either the measurements were erroneous, or there was another
loss channel.
- 78 -
3. Determine what impurities contribute significantly to the total
radiation loss by comparing the bolometer data to spectroscopic
data. Specifically, the object was to determine what fraction of
the ohmic power was radiated by high and low-Z impurities.
Because low-Z impurities radiate near the edge, and high-Z
impurities radiate at the center, qualitative spatial information
might be obtained.
4.1 DENSITY DEPENDENCE
Figure 4-1 is a plot of the total radiated power during the
quasi-steady state portion of each discharge, as a function of central
line averaged density. The other plasma parameters are 6T < BT 4 10T and
400 kA 4 Ip 4 550 kA. The data has been normalized to the ohmic input
power. The curve is in a "V" shape, with the minimum near
Re = 2.5 x10 14cm~ The increase in radiation at high density occurs at
roughly the same density as the degradation in energy confinement.
However, the total radiation is typically less than 50%, so radiation is
not the dominant loss process.
Some of the high density discharges exhibited a phenomenon termed
"marfe", which was an asymmetric enhancement of the visible bremsstrahlung
intensity profile. The onset of the marfe was also at the same density
where radiation increased and confinement degraded.
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It is interesting to compare this data with similar data from the
Alcator A machine. Although the total radiation on Alcator A did exhibit
a "U" shape, the increase at high density was not as severe. Confinement
time did not degrade on Alcator A until much higher densities than Alcator
C [52).
4.2 POWER LOSS ACCOUNTING
Figure 4-2 is a plot of the total energy deposited on the limiter as
a function of density, normalized to the ohmic input energy. Because of
the slow response of the limiter system, (it takes several seconds for the
heat to diffuse through the limiter blocks), this data shows the total
energy deposited during a discharge. The conditions were the same as for
the 2w bolometer data and all comparisons to bolometer data considered
total radiated energy during a discharge. At all densities, roughly 30%
of the ohmic input energy was conducted to the limiter. This data must be
considered cautiously because not all the limiter blocks were
instrumented. It is conceivable that there was a localized deposition of
energy on a non instrumented block, which was not measured.
Two conclusions are drawn from this data. First, the source of
increased molybdenum in the discharge at low density was probably not
evaporation from the limiter. The thermal load to the limiter remained a
constant fraction of ohmic energy as the electron density was lowered.
Because the ohmic input energy decreased at low density, the total thermal
load may have also decreased. However, spectroscopic measurements of
molybdenum indicated that radiation increased at low density. However,
not all of the blocks on the limiter were instrumented. It is possible
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that one of these blocks received a great deal of energy and this energy
was not measured.
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Second, the total measured energy loss did not account for the total
ohmic input. The plot of the total radiated energy measured by the
bolometer, normalized to the ohmic input, had the same density dependence
and magnitude as the data shown for the steady state. The total measured
loss was less than the ohmic input for all densities. At very low
densities, (Re = 1 x 1014 cm-3), the discrepancy was only a few percent,
at medium densities the difference increased to 50%, and at high densities
it dropped again to a few percent.
Three possible explanations for this problem are,
1. The 2w bolometer and limiter measurements were in error.
However, at low density the measured loss accounts for 90% of the
ohmic input. The measurement cannot have underestimated the
power by more than 10%. Therefore a 50% discrepancy remains at
some densities.
2. There was substantial power flow to the virtual limiters at
medium and high densities. The virtual limiters are stainless
steel diaphragms behind the main limiters which protect the
vacuum welds from damage. The power conducted to the virtual
limiters cannot be calculated because they were not instrumented,
however, the power to the main limiters was constant with
density, and the virtual limiters are behind the main limiters.
It is unlikely that power would increase to the virtuals, but not
the main limiters. If the scrape off length of the limiter
shadow did increase the power deposited to the virtuals would
increase somewhat. However, the power flux at the virtual
limiter radius is typically a factor of 10 - 100 lower than at
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the limiter edge, (cf. fig. 9-5), so it is unlikely that a
substantial fraction of the power could have been deposited
there.
3. The radiation from the plasma was not toroidally or poloidally
symmetric. There was a local region of enhanced emission that
the bolometer was not viewing. This possibility was suggested by
earlier Alcator A results [74).
The explanation that the unaccounted power was due to a local
enhancement of emission was tested by operating the 2w bolometer at a
pulsed gas valve port. It is not possible to show bolometer data for
discharges during which the pulse gas valve was operated because the local
emission increased so much that the bolometer was heated to saturation.
Although no accurate measurement could be made, the radiated energy was
approximated by considering the energy required to saturate the bolometer
which occurred at about T = 1250 C. Because the bolometer was operated at
about T = 250C, the energy deposited was:
(1.2.1) AE = MCp(125 - 25)
The total additional power lost, however, cannot be calculated because
both the poloidal and toroidal extent of the enhanced emission are
unknown. However, the increase in emission at a pulsed gas port, and the
expected enhancement at the limiter ports, make a plausible explanation
for the discrepancy.
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4.3 COMPARISON TO SPECTROSCOPIC DATA
The final aspect of the experiments with the 2N bolometer
investigated the mechanisms of the total radiation loss, specifically,
radiation from impurity ions. Fig. 4-3 shows the results for Carbon IV
emission.
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Data from 2 discharges are shown for which the current, central line
averaged density and loop voltage were nearly identical. Fig. 4-3 plots
the total ohmic input power, total radiated power measured by the
bolometer, and the intensity of the 1549A Carbon IV line. The two
discharges differed only in Carbon IV intensity and the total power
radiated. In shot #44, the total power was roughly 200 kilowatts and the
Carbon IV intensity was low. Shot #41 radiated 300 kilowatts and showed
strongly increased Carbon IV emission. The correlation between these two
measurements indicate that Carbon line emission was a principal
contributor to total radiation loss.
If the difference in total power loss is assumed to be exclusively
carbon line emission, then the fraction that carbon contributed to total
radiated power can be calculated. However, there is no data to indicate
that other impurities did not increase between the two discharges. The
fraction of ohmic power radiated by carbon is therefore an upper bound,
because the highest value is obtained with the assumption that the only
difference between the 2 plasmas was carbon radiation. Because the 2
discharges were similar in most other respects, (current, 'e, and loop
voltage), the assumption that density and temperature were similar in both
plasmas is a good one. If the additional assumption is made that the
shape of the carbon emission profile was similar in both cases, then the
ratio of emission to intensity was the same in both discharges. The
emission is related to the intensity for low and high carbon cases by:
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Emission Intensity
(4.3.1) PCH(igh) ICH(igh) High Radiation Case
PCL(ow) ICL(ow) Low Radiation Case
The total power radiated was composed of the loss from carbon and the
losses from all other radiation processes:
PL = PCL + U ; and
(4.3.2)
PH = PCH + U
where the symbols are defined as:
PL = Measured total radiation by bolometer for low carbon case
(e.g. shot #44)
PH = Measured total radiation by bolometer for high carbon case
(e.g. shot #41)
IL = Measured Carbon IV intensity for low carbon case.
IH = Measured Carbon IV intensity for high carbon case.
PCL = Inferred total radiation due to Carbon emission in low
carbon case. This number is the lower bound for background
Carbon loss.
PCH = Inferred total radiation due to Carbon IV emission in the
high carbon case. This number is the upper bound for background
Carbon radiative loss.
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U = Total radiation loss not due to Carbon; assumed constant in
both cases, because difference in total radiated power is due
only to difference in Carbon radiation.
Take the ratio of PH and PL; substitute equation (4.3.2) into equation
(4.3.1).
(4.3.3) PL - PCL + U
PH PCH + U
Multiply both sides by PCH + U and solve for the ratio of (U/PCL):
PL ICH
(4.3.4) H ICL - U
FL PCL
(1--) C
PFH
Equation (4.3.4) is now only in terms of the ratios of the bolometer
and carbon spectrometer measurements. PL/PH is the ratio of the bolometer
signals and ICH/ICL is the ratio of the carbon intensities. This
formulation has the advantage that all calibrations and geometric
uncertainties (i.e. profile shapes) cancel. Now take the data shown in
fig. 4-3, and calculate (U/PCL):
(4.3.5) FL/PH = 2/3 and ICL/ICH = 16 /5
The solution is: U/PCL = 5.4. Solve for the fraction of total power that
is due to carbon in the low carbon case, recalling the definition for
total power:
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(4.3.6) PL = U + PCL , then substituting 
for U:
PL = (5.4 + )PCL
For the low carbon case, the fraction of total radiated power due to
carbon was:
(4.3.7) PCL/PL= 1/6.4 = 16%
The total
was:
(4.3.8)
fraction of radiated power due to carbon in the high carbon case
PCH PCL ICH PL
PH TL ICL PH
PCH
- = 44%
These values are reasonable upper bounds on the fraction of radiated power
due to carbon. The fraction of the total input power lost from carbon
emission was:
PCL PCL PL
-- =- x - = 4%
Poh - L Poh
PCH PCH PH
Poh H Poh
low carbon
high carbon
The conclusion from these measurements is that an upper bound for the
total ohmic input lost to carbon emission is 4% for normal discharges, and
18% for particularly high carbon discharges. This result is in good
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(4.3.9)
-- Non"
agreement with spectroscopic measurements, which indicated that the total
power loss from all low-Z impurities is roughly 15% of the ohmic input
power [951. carbon was the dominant low-Z impurity.
The results from the 2x bolometer are limited because of the lack of
spatial information. Although the total power loss is known, where it is
lost is not. The 2ff bolometer did demonstrate:
1. carbon radiation accounts for roughly 5-10% of the ohmic input
power in normal discharges;
2. the total input power cannot be accounted for as the sum of the
power to the limiter and total radiated power, but might be
accounted for if toroidal and poloidal asymmetries were properly
considered, and
3. the total power decreases with density until
he = 2.5 x 1014 cm-3, where total power starts to increase with
density.
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CHAPTER 5
LOW DENSITY RESULTS
The data obtained from the bolometer array were divided into low
density and high density discharges, each distinctly characterized by the
shape of the intensity profile. Low density discharges were characterized
by central radiation. The intensity profile was peaked about the plasma
center and was essentially symmetric, though there was a relatively small
asymmetry towards the inside edge. Fig. 5-1 shows the intensity profile
for a typical low density shot. These data are accurate to 5%.
The profile was inverted with the standard Abel technique. Because
of the sight asymmetry, the inversion was performed by first reflecting
the outer half of the profile about the plasma center. The inside half of
the profile was ignored. Figure 5-2 shows the local emission profiles at
4 times during the discharge, for a typical low density plasma.
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5.1 POWER BALANCE AT LOW DENSITY
The local ohmic input power profile, which was calculated with the
resistive model described in chapter 2, is also plotted in fig. 5-2. The
Zeff profile was assumed flat and because the discharge was sawtoothing,
the central q was assumed to be q0 = .85. Radiation dominated power
balance at the center, accounting for more than 80% of the central ohmic
input.
Radiation also dominated global power balance. Fig. 5-3 is a plot of
the total ohmic input power and total radiated power as a function of
time. Radiation losses accounted for nearly all the input power.
Note that at current termination the radiation exceeds the ohmic
input. This delay of the measured radiation with respect to the ohmic
input may be explained two ways. First, the filtering of the bolometer
signals by the output stages of the electronics. The cutoff frequency is
10 Hz so a delay of 25 ms is expected. Second, the plasma stores energy
both kinetically and magnetically and this energy radiates away as the
discharge is terminated.
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The most likely cause of central emission was high-Z impurity line
radiation, specifically molybdenum radiation. The power densities were
far too great for either bremsstrahlung or synchrotron radiation to be
significant, especially since Alcator plasmas run with Zeff E 1.3. Low-Z
impurities such as carbon, nitrogen, or oxygen would be fully stripped at
central temperatures, so that line radiation was negligible from these
impurities. At temperatures near 1 keV molybdenum is only partially
ionized, with charge states ranging from M023+ - M0 32+. These charge
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states have multiple energy states available for atomic transitions, and
the cooling coefficient for molybdenum, L(T), has a peak at 1 keY.
Molybdenum is a natural candidate for the source of central emission
because the limiter is constructed of it. There are no other sources of
high-Z materials in the vacuum chamber. The vacuum chamber is made of
stainless steel, which is an alloy of iron, chromium, nickel and carbon.
These metals are moderate Z's, which have cooling coefficients roughly a
fifth of molybdenum at 1 keV.
Fig. 5-4 shows more evidence that molybdenum is the principal source
of central radiation. The fraction of the total ohmic power that is
radiated is plotted as a function of density. As the density is lowered,
central radiation increases from a minimum of 20%, to nearly all of the
ohmic input. Also plotted is the intensity of molybdenum line radiation,
normalized to the continuum level, which was detected by a flat crystal
spectrometer. Both curves have the same density dependence. This data
shows clearly that radiation becomes severe at low density, but it is
negligible at high densities.
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5.2 MOLYBDENUM INJECTION
An experiment to prove that molybdenum is the cause of central
emission was conceived by my co-workers, Dr. Lipschultz and Dr. Rice. A
comparison was made between the change in emission inferred from the
bolometer profiles and the change in X-ray intensities observed by the
flat crystal spectrometer during an artificial injection of molybdenum.
The molybdenum was injected by the laser blow off technique, which is
detailed elsewhere [75]. By comparing the signals before and after
injection the fraction of central radiation due to molybdenum was
inferred.
The spectrometer measured radiation at X = 4.98 A, which corresponded
to a bound-bound transition of the M0 27+ charge state of molybdenum.
Neighboring charge states also had transitions close to X = 4.98 A, well
within the passband of the spectrometer, so slight changes of temperature
would not effect the measured line strength. Because this line peaked at
Te = 1100 ev, this radiation was strictly from the center of the plasma.
The central temperature for discharges with similar parameters averaged to
1100 ev.
The bolometer, on the other hand, is sensitive equally to emission
along chords through the plasma cross section. In order to directly
compare to the spectrometer intensities, the bolometer intensity profile
was Abel inverted to obtain the emission at the plasma center.
Molybdenum line emission depends on several factors: electron
density, temperature, and molybdenum density. The artificial injection
changed the molybdenum density, but not the electron temperature and
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density. If these parameters changed appreciably, then other radiation
processes might be affected and the bolometer measurement would not be
accurate. Also, the principal line for molybdenum emission might change,
so that the spectrometer measurement would not reflect solely the change
in molybdenum density. Care was taken during the injection that loop
voltage, plasma current and line averaged electron density remained
constant through the injection. From these measurements it was assumed
that no strong changes in central electron temperature or density
occurred. Moreover, the total emission from the center after injection
was still less than 40% of the central ohmic input, so that injection did
not significantly alter central power balance.
The injection data is shown in fig. 5-5. None of the plasma
parameters: loop voltage, plasma current, or central line averaged
density were strongly affected. The flat crystal spectrometer signal
increased sharply at injection, and then decayed exponentially. The
bolometer signals increased more slowly because of filtering.
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The reduced data is shown in fig. 5-6. Emission profiles just prior
and just after injection are shown. Note that the central emission
increases roughly a factor of 4 due to the influx of molybdenum.
The ratio of non molybdenum central emission to molybdenum central
emission is calculated the same way as for carbon edge emission in chapter
4. The total central power is composed of the loss from molybdenum, and
the loss from all other radiation processes:
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Pi = Pmi + U
(5.2.1)
Pf = Pmf + U
where:
Ii , If are the initial and final molybdenum intensities measured
by the flat crystal spectrometer;
Pmi, Pmf are the initial and final values for central emission
due only to molybdenum;
Pi, Pf are the initial and final values for central emission due
to all processes;
nmi, nmf are the initial and final values for central molybdenum
density; and,
U is the non molybdenum emission at the center. This value is
assumed constant through the injection because there are no
significant changes in Ip, V., or fi.
Because the central emission change was only due to a change in molybdenum
density, the ratios of initial and final emission, intensity, and impurity
density are related by:
Pmf nmf Imf
(5.2.2) --- = - = -
Emi nmi Imi
The assumption has also been made here that the intensity change seen by
the flat crystal spectrometer was exclusively from central molybdenum
radiation. The condition whether molybdenum was the principal source of
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central emission is stated conveniently as the ratio of non molybdenum to
molybdenum central radiation: U/pmi. If this ratio was much less than
0.5, then molybdenum was the principal cause of central radiation.
Proceeding exactly as in chapter 4, substitute expressions for
Pi, Pf, (equation [5.2.1]), into equation (5.2.2). Then solving for the
ratio: U/Pmi, one obtains:
(Pi If
(5.2.3) U f i 1
(1--)
Pf
This formulation has the advantage that all terms are expressed as
the ratio of initial and final measurements. All geometric uncertainties,
(e.g. radiation profiles), and systematic errors have cancelled. The only
assumptions made are that injection did not strongly affect the plasma,
and the molybdenum profile shape remained constant.
The remaining problem for this analysis was the slow response of the
bolometers. The filtering of the bolometers was slow compared to the
increase in emission from injection, and had to be compensated. The
dominant pole of the bolometer system was due to the final filtering
stage. The effect was modeled, and cancelled, by taking the Laplace
transform of the spectrometer signature, multiplying by the filter
function, and taking the inverse transform of the product. The peak of
this function compared to the peak of the original exponential
approximates the effect of the filtering. Specifically, taking the
transform of a decaying exponential:
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(5.2.4) (exp -t/ ) = 1
(s + 1/ )
Multiply this by a single-pole, overdamped, low pass filter function.
Then take the inverse Laplace transform:
1 2rf0
s + /,s + 2-f.
(5.2.5) 2rf 0  (exp(-21fOt) - exp(-t/,)
= 4.9(exp(-t/ 20 ) - exp(-t/ 16 ))
Equation (5.2.5) is the response of the bolometer to the signal seen by
the spectrometer. The ratio of the peak of the filtered function to the
original is 0.4, so the bolometer signals have been reduced by this amount
due to the effect of the output filter. The bolometer signal is therefore
compensated by multiplying by 1/.4.
The ratio U/Pmi is then determined from the experimental data in fig.
5-6; the formula for U/Pmi, equation (5.2.3); and the results of the
Laplace transform analysis. The data are: Imi = .5, Imf = 3.1,
Pi = 1.25, and Pf = 3.0. The last number is modified by the factor 1/4,
to obtain: Pf = 7.5. Substituting these numbers into equation (5.2.3),
yields the ratio of non molybdenum to molybdenum radiation at the plasma
center:
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U/Pmi = .04(5.2.6)
These results confirm that molybdenum line radiation accounts for
essentially all the power radiated from the plasma center; all other
processes are negligible by comparison. The molybdenum density can now be
inferred from the Post and Jensen tables where:
Prad( r)(5.2.7) nM(r) = r((r)
ne(r) L(T(r))
and the radiation, Prad, is measured by the bolometer. Returning to the
data shown in fig. 5-4, the central molybdenum density was inferred as a
function of line averaged density. The result is plotted in fig. 5-7.
For this data the central values for emission, density and temperature
were used, so the plot is of peak molybdenum density.
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5.3 THE DEPENDENCE OF MOLYBDENUM DENSITY ON ELECTRON DENSITY
As the electron density was lowered, the molybdenum density increased
a factor of 100, but the reason is not clear. In the range
1.4 x 1014 < ne 4 3.5 x 1014, the same range that the molybdenum density
increased, the thermal load to the limiter was a constant fraction of the
ohmic power. Moreover, because the ohmic power tends to decrease at lower
densities, the actual load to the limiter decreased at lower densities.
These results indicate that evaporation of molybdenum atoms from the
limiter was not responsible for the influx of molybdenum into the plasma.
This question was addressed by operating Alcator C with a carbon
limiter and by using different working gases. The results are seen in
fig. 5-8, which plots the ratio of molybdenum line intensity to the
continuum X-ray intensity, as a function of line averaged electron
density. These data were taken with the flat crystal spectrometer, [108),
at similar magnetic field and plasma current. Three cases are plotted:
hydrogen gas and a molybdenum limiter, deuterium gas and a molybdenum
limiter, and deuterium gas and a carbon limiter. In all 3 cases the
molybdenum radiation increased as density was lowered. However, the
molybdenum concentration was lower for hydrogen than for deuterium by a
factor of 3, with the same limiter. Also, the molybdenum concentration
with the carbon limiter was at least a factor of 10 lower than with the
molybdenum limiter for the same working gas.
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The drop in molybdenum emission with the carbon limiter indicates
that the molybdenum limiter was the principal source of this impurity, not
the walls. There are several possible explanations for these results:
1. The energy deposited on the limiter was not uniform but was
localized on one or more limiter blocks that were not
instrumented. Then the thermal load to the limiter might
increase but it would not be reflected in the measurement.
Moreover, because the evaporation rate is a strong function of
temperature, the concentration of energy at one point could cause
a large influx of molybdenum. A likely mechanism for this
possibility is the effect of relativistic electron beams. High
energy electron beams increase at low density because the plasma
is less collisional, and could deposit substantial quantities of
power.
2. The impurity confinement time increased at low density due to the
increase in Zeff. As density was lowered, for a constant
molybdenum influx, the Zeff would naturally increase and so would
the confinement time. The impurity confinement time scaling is:
TI : Zeff [104]. As the impurity confinement increased, so would
the molybdenum density, and the Zeff would increase further. It
is likely that the increase in confinement does contribute to the
molybdenum buildup, but only by a factor of 3, which is
insufficient to account for the factor of 100 observed increase
in molybdenum density.
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3. If the dominant mechanism for material loss from the limiter were
not evaporation, but sputtering, then the rate that material was
lost from the limiter would not be sensitive to the thermal load.
Measured sputtering rates as a function of particle mass, and
energy, make this alternative attractive [105). The sputtering
rate for a particular ion increases over a factor of 100 for a
doubling of the particle energy. Moreover, the rates for
deuterium are higher than for hydrogen by roughly a factor of 3.
For equal plasma conditions, particularly equal density,
molybdenum radiation is greater in deuterium plasmas than in
hydrogen plasmas by about the same factor. However, this
explanation does not show why the rate would increase at low
density. It is unknown at present whether the edge
temperature on Alcator C increases at low density, although, on
PLT, the ion edge temperature has been shown to increase at low
density [27,28].
5.4 HOLLOW TEMPERATURE PROFILES
In extreme low density cases, the molybdenum density can increase to
a level where central radiation exceeds the local ohmic input power.
Under these circumstances, the temperature profile collapses into a hollow
shape. These discharges were first diagnosed on Alcator C by Kissel [76].
Kissel hypothesized that the hollow profile was due to a thermal
instability arising from the temperature dependence of the cooling
coefficient, L(T), of molybdenum. When molybdenum radiation became
comparable to the central ohmic input, the central temperature would begin
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to drop. As the temperature dropped, the cooling coefficient increased,
central radiation increased, and the temperature dropped further. An
equilibrium was finally reached when the profile had collapsed into a
hollow shape. Further decreases in temperature no longer increased
radiation losses, and central radiation was balanced by both ohmic input
and inward conduction. The bolometer confirmed these results.
Figure 5-9 is a plot of the electron temperature profile taken during
the quasi-steady state of shot# 44 on June 3, 1982 [77]. The plasma
current was decreasing during this time due to an exceptionally high
plasma resistance. However, the profile shown was nearly constant for at
least 100 ms, so these results are not changed by dynamic effects. The
hollow profile developed after the current reached a peak, so that it was
not due to skin effect during the current rise. Hollow profiles are known
to develop during the current rise, but usually become peaked by the time
steady state is reached £76].
The local ohmic input power and the local measured emission are
plotted in fig. 5-10. There are 2 observations to be made from this data.
First, the radiated power from the center exceeded the local ohmic input.
The difference must have been supplied by inward thermal conduction. This
view is consistent with the temperature profile. Because the profile was
hollow, the gradients were directed inward. Moreover, the emission
exceeded the ohmic power at about the same point that the temperature
profile turned over.
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The second observation is that the emission was strongly peaked, more
than can be accounted for by differences in the local cooling coefficient
for molybdenum. Because the electron temperature profile was hollow, the
temperature was not strongly reduced from its central value until r = 6cm.
Also, L(T) was at a local maximum at 850 ev, which was the central
temperature for this discharge. Moderate changes in temperature would not
have strongly effected the value of L(T), which was nearly constant out to
a radius of r = 8cm. The peaking of the measured emission must have been
due either to a peaking of the electron density, a peaking of the
molybdenum density, or both.
The simple resistive model used to calculate ohmic input in normal
peaked profile discharges is complicated in the hollow profile case.
Because these were not sawtoothing plasmas, the assumption of qO - 1 was
not valid, and the current was clearly not well modelled by a gaussian.
Moreover, a strong peaking in the molybdenum density would mean the
assumption of a flat Zeff profile was also not true.
The local ohmic input power plotted in fig. 5-10 was calculated
explicitly form the measured loop voltage, electron density and
temperature profiles, and the bolometer emission profile. Data was only
sufficiently accurate to do the analysis in the region 0 4 r 4 8cm.
Recall the expression for local ohmic input power, equation (2.3.20):
res) 2 (r)
where thePresoh(r) = E - was tne forme d
where the resistive voltage was obtained form the measured loop voltage
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and the plasma current by subtracting the inductive voltage:
(5.4.2) Vres = loop -
V'OOP dt
Here L is the plasma self inductance.
The Spitzer resistivity, needed in equation (5.4.1), is a function of
the electron temperature and the local Zeff. The temperature profile was
obtained from the electron cyclotron diagnostic. The Zeff had to be
inferred.
Two methods were used to calculate Zeff(r). The first assumed that
the only impurity contribution to Zeff was molybdenum. It is likely that
low-Z impurities were also present in appreciable quantities, so the total
Zeff was probably higher.
The molybdenum density was inferred from the published tables and the
emission measurement from the bolometers. Assuming that all the radiation
viewed by the bolometer was due to molybdenum, the impurity density was
determined from equation (5.2.7). In order to calculate the molybdenum
density both the electron temperature and density profiles had to be
known. The temperature profile was measured by the ECE experiment, and
values for L(T) tabulated. The density profile was inferred from the Abel
inversion of the signals from the multichord interferometer system.
Unfortunately, at low density the signals from the interferometer were
small, making the density profile difficult to calculate accurately.
Useful data was again limited to the region inside 8 cm.
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The next step was to calculate Zeff(r) from the molybdenum density.
The temperature and electron densities were also needed. Starting from
the definition, Zeff from a single impurity species is:
nM( r)
(5.4.3) Zeff(r) = 1 + - (<Z(r)>2 - <Z(r)>)
ne(r)
where <Z(r)> is the ion charge. The ion charge profile was obtained from
the published tables, which assume the collisional-radiative model, and
the temperature profile. When calculating Zeff it is the ion charge, not
the atomic number that matters. The Zeff profile was constructed from the
electron density, the molybdenum density, and the derived ion charge
profiles. This result is a lower bound because only a single impurity
species was considered.
The second method used was the visible bremsstrahlung array of Dr.
Marmar [38]. This diagnostic measures total Zeff, but the result depends
on the square of the electron density. Because the density profile could
not be measured accurately, the experimental error for this value of
Zeff(r) was large.
The Zeff profiles determined by both methods, and the molybdenum
density profile are plotted in fig. 5-11. The 2 measurements agree to
within experimental error, and the profiles have a similar shape. It was
expected that the curve assuming molybdenum was the sole impurity would be
less than the total Zeff curve because low-Z impurities contribute to the
total.
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The data plotted in fig. 5-11 is striking: both the Zeff and
molybdenum density profiles are peaked on axis, which contrasts with the
usual resistive model assumption that the Zeff profile is flat. The peak
Zeff is 3, which is more than twice the typical value for high density
discharges. The peak values for Zeff and molybdenum density are also
somewhat higher than obtained by Kissel. For reference:
(5.4.4) Zeff(Kissel) 
5 2
NMoly(Kissel) = 2.5 x 1011 cm-3
Zeff(r) inferred from the bolometers was used to calculate n11, and
the local ohmic input power. The value for Zeff is a lower bound, so the
ohmic input power plotted in fig. 5-10 is an upper bound. The difference
between central emission and central ohmic input would become greater if
the Z-meter measurement were used.
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CHAPTER 6
HIGH DENSITY RESULTS
When the plasma density was raised to values near Ae = 3 x 1014 cM- 3,
the bolometer data differed from the low density case. The central
channels continued to decrease as the density was raised, and in most
cases the inside channels increased strongly. The measured intensity
profiles for these discharges were not symmetric and peaked an axis, but
were strongly asymmetric and peaked on the inside. Fig. 6-1 plots the
intensity profile for a typical high density discharge.
The asymmetry was unexpected. According to ideal MHD theory, the
plasma pressure and density are constant on surfaces of constant flux,
which have nearly circular cross sections [1]. If impurities were
distributed uniformly, then the intensity should have been symmetric about
the plasma center.
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6.1 LOCATION OF EMISSION REGION CAUSING ASYMMETRY
The object of the first part of the investigation was to localize the
source of the emission that caused the asymmetry, and to try to model its
shape. If the position and shape of the region were accurately known,
then the power radiated could be inferred from the intensity profile. The
immediate observation was that the bolometer intensity profile was always
peaked on the far inside chord, (small major radius), except during
current termination. The emission must therefore have been located on the
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inside of the torus and at least 12 cm from the plasma center.
The appearance of the asymmetry on the bolometer profile was
correlated with responses from other diagnostics, to further pinpoint the
location of the emission. In each case, the asymmetry developed
coincident with an increase of low energy radiation. For example, Ha
radiation, measured by several diodes around the torus, increased by at
least a factor of 2 [78). Ha is the (X = 6564A) line emission from the
3P-2S transition of neutral hydrogen. The significance is that Ha can
only come in appreciable quantities from low temperature plasmas. At
electron temperatures above the ionization potential of 13.6 ev, almost
all the hydrogen is ionized and Ha is negligible. Both coronal
equilibrium and local thermodynamic equilibrium calculations put the limit
even lower, about 4 ev [67,70). These calculations should be considered
cautiously because the zero transport assumption may not be valid at the
plasma edge where these temperatures are likely to occur. However, in
either case, Ha emission is strictly a low temperature process found near
the plasma edge.
A second example is the (X = 4650A) line from doubly ionized carbon:
carbon III emission. This process also occurs in low temperature plasmas.
The ionization potential for carbon III is 49 ev, and the coronal model
predicts that the average charge of carbon changes from 2 to 3 at 5 ev
[67]. Again, the coronal model may be in doubt, but the conclusion is
clear: carbon III emission is strictly a process that occurs at the
plasma edge, where electron temperatures are low.
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Typical data are shown in fig. 6-2. The oscilloscope traces from the
innermost 2 (small major radius) bolometer channels are shown, with the
signals from an Ha diode and a carbon III detector. The carbon III
detector is part of an array of 20, viewing the plasma along horizontal
chords. This particular detector is 8 cm above the midplane. The array
is the visible bremsstrahlung array, which was filtered for the
(x = 4650A) carbon line.
The asymmetry began when the inner bolometer channels increased,
marked: "Beginning of Marfe", on the diagram. Simultaneously the Ha
signal and the carbon III signal from the chord 8 cm above the midplane
increased by a factor of 2. The signal from a carbon III monochromator
also increased a factor of 2 [78].
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A second observation drawn from the data in fig. 6-2 is that the
signal from the inside chord of the electron density interferometer breaks
up. Normally the traces from the laser channels are a series of fringe
jumps, however, the fringe nature of the signal disappears at the onset of
the asymmetry and is replaced by noise. Usually, only the inside (-12.6
cm) chord is affected. One interpretation of this behavior is a loss of
signal to the laser detector. If the region producing the enhanced
emission is also quite dense and if the density gradient were
Vn = 1015 cm-4, then the laser beam could be refracted out of the
acceptance angle of its detector [80]. The issue of high density in this
region will be addressed in detail in chapter 9.
The carbon III emission is seen in greater detail in fig. 6-3, which
plots the intensity profile from the filtered, visible bremsstrahlung
array during the asymmetry [791. These data are unusual. Assuming that
impurities were distributed evenly, the expected intensity profile for
carbon III would be symmetric about the plasma center and peaked at the
top and bottom chords, where the chordal path lengths through the low
temperature regions are greatest. Instead, the profile in fig. 6-3 is
asymmetric and peaked 8 cm above the midplane. Although the data in fig.
6-3 was obtained with the array filtered for carbon III emission, similar
results were obtained when the array was filtered to view the visible
continuum. A large asymmetry developed during the bolometer intensity
profile asymmetry. The emission processes that contribute to visible
light are also low energy.
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The evidence indicates that the asymmetry in the bolometer profile
was caused by a region of enhanced emission at the plasma edge, on the
upper inside of the torus. At C-port, where the bolometers are mounted,
the emission was on the inside of the torus. At F-port, where the visible
bremsstrahlung array is mounted, the emission was centered 8 cm above the
midplane. Assuming, for the moment, that the poloidal position of this
region of emission was independent of toroidal position, then the crossed
views of the bolometer (down looking) and visible bremsstrahlung (side
looking) arrays, locate the source of the emission. The peaks of the
profiles from the 2 arrays coincide at the upper inside of the vacuum
chamber, at the plasma edge. This result is consistent with the
observation that the asymmetry was due to low energy atomic processes.
6.2 TOROIDAL SYMMETRY
The question remains whether the poloidal position of the emission
region was indeed independent of toroidal position. Several diagnostics
at other toroidal locations also responded during the development of the
profile asymmetry, and in some cases indicated the poloidal position of
the emission. There are data from 4 of the 6 access ports on Alcator C,
which may establish a region where the emission must be, or a more
restrictive region where it is likely to be.
For example, at C-port the position of the emission region is
indicated by the bolometers. The peak of the intensity occurred at the
far inside chord, so the emission region must have been located on the
inside of the torus, within ± 550 of the toroidal midplane. If the
poloidal angle, (measured from the midplane), of the emission peak were
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greater than ± 550, then the intensity peak would move to one of the more
central chords.
The position was likely to be at ± 450 from the midplane. The power
radiated from this region was inferred from the intensity profile using a
geometrical model discussed in detail in the next section. This model is
sensitive to the center of the emission. In particular, as the center was
taken closer to the midplane, the inferred power increased a factor of 3
compared to the result obtained with the center at ± 450. The closest
agreement between the model and the 2w bolometer was for the ± 450 case.
In the case of B-port, there were 2 indications of position: the
density interferometer and the burn spots on the limiter. During the
asymmetry the inside interferometer laser beam was disrupted. The
emission region had to intersect this beam, so that the position was
restricted to the inside of the torus, and within ± 550 of the midplane.
Beyond these points the next interferometer channel would be interfered
with, which happened only occasionally.
The second indication at B-port is that the Molybdenum limiter showed
increased damage at a point inside and 450 above the midplane. Langmuir
probe measurements have indicated that the thermal power conducted to the
limiter in the emission region was greater than in the remaining edge
region. These probe results will be discussed in the detail in chapter 9.
If the burn marks were due to the presence of the emission region, then it
was located on the inside of the torus and 450 above the midplane.
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The results on E-port were quite similar. The second limiter was
located here and it showed the same burn pattern as the B-port limiter,
for 16.5 cm plasmas. This position was confirmed, on E-port, by the data
from the C02 laser scattering experiment. Large density fluctuations were
observed with this diagnostic that corresponded with the onset of the
-.asymmetry. By using a crossed beam technique [81], the source of the
fluctuations were localized to the inside of the torus, 450 above the
midplane [82].
On F-port the enhanced emission plasma was located with the greatest
certainty. First, the visible bremsstrahlung array viewed the emission
peak, filtered either for carbon III light or the visible spectrum. The
peak was occasionally seen to move, but usually it was located 450 above
the midplane. Because this array views from the side, it could not
discern whether the region was on the inside or outside. However the
position was established unambiguously with a Langmuir probe. The "Marfe
probe" as it was called, was inserted into the limiter edge region, on the
upper inside. The Marfe probe results will be discussed in detail in
chapter 9, but, as much as a factor of 10 increase in density was seen
with this probe, correlated with the asymmetry in bolometer radiation.
The marfe probe was physically inside the region, establishing the
position unambiguously.
These results are summarized in fig. 6-4. The probable and required
regions of the source of emission are plotted at each port. There is a
clear trend of toroidal symmetry: it seemed to be located on the inside
edge, 450 above the midplane, in each case.
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Parenthetically, the emission region was termed "Marfe", which is
part of Alcator vernacular, and was derived from the contraction of 2
Alcator physicists' names: Marmar and Wolfe.
There is significant physics in the toroidal symmetry of the marfe,
apart as an aid to data reduction. There are 2 aspects of toroidal
symmetry: the poloidal position and the magnitude of the emission. If
the marfe were exclusively behind the shadow of the limiter, then the
independence of poloidal angle with toroidal position would be easy to
explain. The marfe region would not be able to feel the full effect of
the rotational transform, because it would intersect the limiter.
Although the marfe would follow field lines, the poloidal excursion would
be small and it would appear symmetric. The second possibility is that
the marfe extended inside the limiter and did not follow total field
lines. Rather, it followed the toroidal magnetic field only. The
accuracy of the position measurements is insufficient to discern which
picture is correct, (i.e. the slight poloidal variation expected in the
first case is too small to distinguish). It is not yet determined whether
the magnitude of emission was independent of toroidal location.
In summary, there seemed to be a thin band of plasma on the upper
inside edge of the torus that radiated substantial quantities of power.
This plasma was likely to be dense, compared to typical edge densities
because the density gradient was sufficient to deflect the density
interferometer laser beam. The emission was correlated with low energy
radiation processes, which indicates the plasma was cold. A reasonable
shape for this region might be a thin crescent, located on the upper
inside. A similar phenomenon has appeared on the Doublet III tokamak
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[83,84], and theoretical treatments have been done on cold, dense plasmas
at the edge of limiter and divertor discharges [85,86).
6.3 DATA REDUCTION
The next step was to infer the total radiated power from the plasma.
The plasma was divided into 2 regions: the bulk, corresponding to the
entire toroidal volume, and the marfe region, assumed to be a thin
crescent on the upper inside of the vacuum chamber. The asymmetry in the
bolometer intensity profile was taken to be due to the presence of a Marfe
emission region, superposed on an otherwise isotropically radiating
plasma. The problem required calculating the power from the bulk plasma,
and the Marfe regions separately, and summing to obtain total radiative
loss.
. The power from the bulk of the plasma was inferred as in the low
density case. Only the outer half of the intensity profile was used, and
was transformed to an emission profile by the Abel technique. The total
power loss from the bulk was then calculated by integrating the emission
profile over the volume of the plasma. The outer half profile was used
because the Marfe never appeared on the outside, so these intensities were
due to the bulk plasma emission exclusively.
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The emission profiles for the central, bulk plasma are shown in fig.
6-5. The data are the same as used for the intensity profiles plotted in
fig. 6-1, and are typical to high density discharges, (i.e. those above
he = 3 x 1014 cm-3). Central radiation is negligible compared to the
local ohmic input power, and the total radiated power, excluding the
marfe, is still small. These results answer one question posed at the
inception of this study: central radiation does not degrade energy
confinement in Alcator C compared to the Alcator A prediction, (eq.
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If the Marfe were not present, as in the low density case, the
intensity profile would be symmetric about the plasma center. The
difference in measured intensity along a chord a certain distance inside
from the center from the intensity along a chord and equal distance
outside the center is due to the additional radiation of the Marfe. The
intensity due only to the Marfe was calculated by subtracting the
intensities on the outside half from the intensities on the inside hal-f
that were an equal distance from the plasma center. Because the bolometer
collimating tubes were not equally spaced, it was necessary to interpolate
the intensity curve on the outside, in order to obtain intensities at the
proper positions. Quantitatively this is expressed:
(6.3.1) IMarfe(Ro - R) = IMeasured(Ro - R) - IOutside(R - RO)
where R is the distance from toroidal centerline, and RO is the major
radius of the plasma. The local Marfe radiation was calculated directly
from these intensities and the assumed geometry of the emitting region.
The geometry is shown in fig. 6-6. The Marfe region was modelled as a
crescent on the inside of the torus, with the crescent width a free
parameter. The relation between the intensity and emission was determined
from the radiative transfer equation:
(6.3.2) d aI + C
ds
where I is the radiation intensity, a is the local absorption
coefficient, ds is the differential path length, and e is the local
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Equation (6.3.2) can be simplified because absorption is negligible at
most wavelengths. The measured intensities are:
(6.3.3) I(s) = I(s) + ss
This integral was inverted to obtain the emission in the marfe region
from the measured intensities by assuming the emission along a path inside
the marfe region was constant. This assumption is probably good because
the pathlengths were short, and transversed only a small poloidal angle.
Because the bolometer intensity profile could not distinguish whether the
marfe was on the upper or lower inside of the torus, the inversion
procedure considered emission from both regions. The data could be
reduced equally well with the marfe in either position. However,
typically the center of the marfe was chosen on the top of the torus
because that is where it was seen by side looking diagnostics. Fig. 6-6
is a simplification because the marfe is shown only on the upper part.
Equation (6.3.3) is approximated by:
(6.3.4) Ii(marfe) = ei fids
where iids = are the pathlengths through the marfe at each location, and
the i's refer to each of the inside detectors.
The pathlengths were calculated numerically from the geometry shown
in fig. 6-6. Using the intensities due to the Marfe emission alone, and
these pathlengths, the local emission at several points in the crescent
region were calculated:
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Once the emission at several distinct points in the marfe region was
known, the emission from the entire marfe region could be modelled. The
shape of the volume was taken to be a 2.5 cm wide toroidal section. The
emission inside depended on poloidal angle only. An emission function,
which was a polynomial in cosines of the poloidal angle, was least squares
fit to the distinct points of known emission. This polynomial was of the
form:
(6.3.6) e(O) = A + B(cos(6 - e0)) + C(cos(e - 00))2 + D(cos(6 - 00))3
where e was the poloidal angle measured from the midplane, 60 was the
location of the emission center, and the constants: A,B,C, and D, were
adjusted for the best fit. The fitted function was integrated over the
entire volume to obtain the total radiated power. 60 was chosen positive
corresponding to marfe position being on the upper inside of the torus.
The data could also be reduced assuming that the marfe was on the lower
part of the torus by choosing 00 negative.
Two free parameters in this model had to be tested to insure its
validity, the width of the marfe region and the poloidal location of the
center of emission, 60. Also, the total power inferred from the sum of
marfe and bulk radiation had to agree with the total radiated power
measured by the 2w bolometer. This measurement has to be treated with
caution because the 2n bolometer measurement assumed that emission was
isotropic. Because the marfe was localized in the upper inside edge,
total plasma emission was not isotropic. The extent of the error was
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(6.3.5)
tested by using a second 2ff bolometer at a different poloidal location and
comparing the measured power. The results, discussed in detail in chapter
7, indicate the error from the anisotropy was small. Finally the model
had to be able to account for the observed asymmetry of the intensity
profile. If all these conditions were met, the inferred power from the
marfe was likely to be accurate.
The first requirement is that the model reproduce the asymmetry in
the bolometer intensity profile, or equivalently, reproduce the inside
.intensities due only to the marfe. Fig. 6-7 is a plot of a representative
case. The agreement between the fitted and measured intensities is quite
good. Several cases were tried, and in all the model was capable of
accurately matching the observed intensities.
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The problem remained that the bolometer array had restricted access:
the innermost chord was only -12.6 cm inside the center of a 16.5 cm
plasma. Typically, half of the Marfe region, which was usually centered
on. the upper inside of the torus, could not be viewed. The unviewed
emissions were extrapolated from the data by requiring the emission curve
to be poloidally symmetric about its center. Because the fitted
polynomial was a series in cosines only, it was naturally symmetric about
e0. This restriction is the principal weakness of the model. This
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assumption is supported by the Z-meter profiles. The intensity profiles
for both visible bremsstrahlung and carbon III are symmetric about the
center of the marfe. This array is side looking, so it views the marfe
completely. If the intensity profile of the marfe is symmetric then the
emission profile is also likely to be symmetric and the choice of cosines
is valid.
Another justification for this requirement was established when
Alcator C operated with a reduced limiter, (10 cm), placed on the outside
edge of the vacuum chamber, (R=70 cm). The inside of the plasma was then
well within the view of the bolometer array. The intensity profile for a
typical high density discharge under these conditions is shown in fig.
6-8. The significance of this data is two-fold, first, it confirms that
the extrapolation made by this model is reasonable: the measured marfe
intensity profile is qualitatively identical to that extrapolated by the
model for 16.5 cm plasmas. Second, the data demonstrate that the Marfe
phenomenon can occur on smaller plasmas.
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The justification for choosing a particular marfe width is simply
that the final answer is independent of this parameter. A series of shots
were reduced assuming different Marfe widths. Fig. 6-10 shows the result:
total power is roughly independent of Marfe width. The reason is that the
total power is the integral of emission over the Marfe volume. The volume
is roughly proportional to the width, while the calculated emission is
roughly inversely proportional to width, due to the change in path length.
Therefore the integral is nearly constant.
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The remaining free parameter of the model was the poloidal coordinate
of the emission center: 00. In order to reduce the data this value was
inserted into the reduction program. Several shots were reduced with
varying values of 60, to test the model dependence. Fig. 6-9 is a plot of
the results: the total output is strongly dependent on this parameter.
The difference between the inferred emission at the maximum poloidal angle
80 = 450, and zero, was nearly a factor of 3. In order to reduce the
Marfe data, 00 had to be chosen properly.
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Fortunately, there are several constraints on 60, such as the maximum
possible value. The bolometer intensity profile almost always showed the
innermost chord peaked above all of the rest during a Marfe discharge,
(the exception was during current termination). This innermost chord
viewed the Marfe at an angle of 450 above the midplane. If the Marfe
center, which is assumed to radiate most strongly, were significantly
above 450, even accounting for pathlength variations, the innermost chord
would not be peaked above the rest. Instead, the second innermost chord
would be peaked, above the inside. Because this rarely happened, the
marfe peak did not move above 500.
The second constraint was that the total power inferred from the
array measurement, (marfe + bulk), should agree with the measurement from
the 2 nbolometer. A stronger requirement was that the total power from
the array must be less than the ohmic input. The best agreement was
achieved when 60 was chosen to minimize the marfe power. In some cases,
if e0 were chosen to be zero, (marfe located on inside midplane), the
total power exceeded the ohmic input. These constraints established the
optimum center to be about 450. Even if the choice were wrong, then the
data shown in this study could be treated as a lower bound for the total
marfe emission.
The choice of 0 = 450 was confirmed by the profile from the visible
bremsstrahlung array. If the analysis for the toroidal symmetry of the
marfe position is correct, then the poloidal location was the same at both
C and F ports. The intensity profile of the visible bremsstrahlung array
peaked at about 8 cm above the midplane, or roughly 60 = 450 above.
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The high density data depicted in this study was reduced using this
model, a width of 2.5 cm, and a poloidal angle for the center of 60 = 450.
Typical results are plotted in figs. 6-11 and 6-12. Fig. 6-12 compares
the total ohmic input, the total radiated power inferred from the array,
and the total power measured by the 2n bolometer. Note the close
agreement between the 2w bolometer and the array. Fig. 6-11 shows the
time history of the marfe power and the radiation from the bulk plasma.
The significance of these data is that the power radiated by a small
volume in the upper inside of the torus was comparable to the radiation
loss from the entire remaining volume. It is this large quantity of power
that renders the marfe interesting in a power balance study and a possible
candidate for the cause of confinement degradation.
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CHAPTER 7
PROPERTIES OF THE ENHANCED EMISSION REGION
The study of the degradation of the energy confinement time centers
around high density where the measured confinement departs from the
predicted value. The results of the previous chapter enable calculations
of the radiated power from bolometer data in the high density regime.
Fig. 7-1 is a plot of the results. The plasma bulk, marfe, and total
(bulk and marfe), power are -plotted as fractions of the total ohmic input,
as a function of density.
7.1 DEPENDENCE OF POWER BALANCE ON DENSITY
The central power decreased with density, as was discussed in Chapter
5. For densities above he = 2.5 x 1014 cM-3 the bulk plasma radiated 25%
of the total ohmic input power, with less than 10% of the central ohmic
input radiated. Above Re = 2.5 x 1014 cm-3 these values seemed constant
in both hydrogen and deuterium. The data were taken under a broad range
of plasma conditions: 350 < Ip < 550 kA and 6 4 BT 4 10. The central
power was seen to increase, however, even at densities above
Re = 2.5 x10 14cM- 3 when the current was raised above Ip = 550 kA. The
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central emission was also greater in deuterium than hydrogen at low
densities. These results show again that the confinement loss at high
density is not due to central emission.
The total power plotted in fig. 7-1 reproduced the results obtained
earlier with the 2T bolometer, (ref. fig. 4-1). The shape of the total
power curve is a "V" with a minimum at fie = 2.8 x 1014 cm-3. The increase
in total power, however, was due to the radiation of the marfe, not the
bulk plasma. Even though the total radiated loss increased sharply at
fie = 2.8 x 1014 cM- 3, there may not be a strong effect on the energy
confinement because edge radiation only effects energy confinement through
indirect mechanisms, such as modification of profiles. However, both the
onset of the marfe and the departure of confinement from Alcator A scaling
occur at the same density.
The onset of the marfe power is striking because there is a definite
threshold in density where the marfe power became significant. This
threshold demonstrates why it was easy to divide the bolometer data into 2
classes: high and low density. Low density was below the threshold, and
the radiated power was clearly dominated by central emission. Above the
threshold, central power was negligible and the bolometer data was
dominated by marfe emission. Although the threshold did change with other
plasma conditions, the intensity profiles were usually characteristic of
one side or the other, strong central radiation and marfe emission did not
occur simultaneously.
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7.2 MARFE AND CENTRAL POWER
Fig. 7-1 shows that central molybdenum radiation never occurs
simultaneously with the marfe. This same effect is seen on a single
discharge. Fig. 7-2 is a plot of the bolometer traces for a medium
density plasma. When the inside channel decreased at 200 ms, indicating
the end of the marfe emission, central radiation increased sharply. This
data indicates that the marfe might be responsible for reducing central
radiation. However, some discharges were observed that suffered neither
strong molybdenum emission nor a marfe, so that the mutual exclusion
between the marfe and central radiation may only be coincidental.
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7.3 IMPURITY CONCENTRATION
This bolometer data is not fully consistent with the overall
understanding of Alcator C radiation losses. Previous spectroscopic
measurements indicated that typically 15% of the total ohmic input power
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was radiated by low -Z impurities [95]. This fraction was confirmed by
the 2w bolometer measurements: 5-10% of the total ohmic power was
radiated by carbon (ref. Chapter 4).
The difficulty is that the bolometer did not measure sufficient
emission at the outside plasma edge to account for this fraction of the
ohmic input. The expected emission from the edge was 2 watts - cm-3
because temperatures were low and low-Z line emission should have been the
predominant radiation process. However, the measured values for edge
emission were typically only 1/2 watts - cm-3, about the level of noise
for the system. This value was typical for both high and low density
discharges, (ref. fig. 5-2 and fig. 6-5). The difference between the
expected and the measured emission from the outside edge was greater than
could be accounted for by experimental error.
In the low density case, the discrepancy could perhaps be argued
away. Most of the power at low density radiated from molybdenum so not
much came out in low-Z. The estimates for low-Z radiation in this case
may be a little high. However, in high density plasmas, no such argument
can be made.
In the high density case it is conceivable that all the low-Z
radiation was coming out from the marfe, but the question still remains,
why didn't any come from the rest of the edge region. The bolometer data
indicated there was insufficient emission from the edge region outside the
marfe to account for the radiation from light impurities.
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This discrepancy was supported by Zeff measurements on Alcator C. At
medium and high densities the values were typically Zeff ~ 1.3 and the
profiles were flat [871. The density of a single low-Z impurity, say
carbon, was inferred by assuming the entire contribution to Zeff > 1 was
due only to this species. Once the impurity density was known, the
expected emission was calculated with the Post and Jensen tables, and was
compared to the bolometer measurement. For typical values, Zeff = 1.3,
edge density he = 1013 cM-3 , and temperature Te - 10 - 30 ev, the carbon
density at the plasma edge was calculated to be: nC = 1012 cM- 3.
The cooling coefficient of carbon has a peak of
L(T) = 10-25 watts - cm3, at a temperature of Te = 10 ev, which is typical
for the plasma edge. Because L(T) depends strongly on temperature,
varying 3 orders of magnitude over the range 10 - 50 ev [67), only the
plasma at 10 ev has to be considered. Again assuming an edge density of
Me =10 13cm~ 1 the expected emission from the edge due to carbon was
1 watt - cm- 3. This value is also greater than what was measured by the
bolometer.
One weakness of this argument could have been the assumption that
only a single impurity species was responsible for the increase in Zeff,
and in edge emission. However, the other natural low-Z impurities,
nitrogen and oxygen, have similar behavior. The emission coefficients,
L(T), have the nearly the same functional dependence and magnitude as
carbon. Moreover the contribution to Zeff, at the same temperature, is
also nearly the same. This similarity is not unexpected, the charge of
any partially stripped impurity ion is primarily dependent on local
electron temperature and not on the atomic number of the atom.
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Consequently, there is little difference which combination of light
impurities is chosen to account for both Zeff and edge emission.
The apparent discrepancy between the observed bolometer signal and
that expected from previous 27, Zeff, and spectroscopic measurements,
could have been explained away if the radial extent of the 10 ev region
were sufficiently small. Then the viewed pathlength would also be small
and the bolometers would not register a large signal even though there was
substantial localized carbon emission. However, if the volume of the
emitting region were close to the spot size of the bolometer array, then
the measured edge emission should have been appreciable. Langmuir probe
measurements have indicated at several ports that the extent of the 10 ev
region is typically 1 cm, (ref. fig. 9-2 and [106]), so the discrepancy
cannot be explained in this way.
Although the data indicated an exclusion of light impurities from the
non-marfe edge region, the arguments are by no means airtight. To prove
that impurities were excluded, nitrogen was injected directly into the
discharge. The total emission from nitrogen was made sufficiently large,
that if the nitrogen were evenly distributed, the emission from the
non-marfe edge region would significantly exceed the noise threshold of
the bolometer array, and the weaknesses of the previous analysis would be
obviated.
The increase in radiation from nitrogen injection is seen in fig.
7-3. The marfe power increased more than a factor of 10. There was also
a doubling of the central power. The total radiated power loss, inferred
from both the array and the 2n bolometer, tripled. Most of the increase
came from the plasma edge, where the temperature was sufficiently low that
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nitrogen was an effective radiator. More significantly, the edge
radiation was 4-5 times higher than typical for marfing discharges at the
same density. Most of the high density plasmas radiated 200 kilowatts
from the marfe, this discharge radiated 800 kilowatts.
The increase in power radiated from the marfe is not surprising. The
temperature of the marfe is low, so nitrogen is an efficient radiator.
Moreover, if the marfe density is high compared to most edge regions, then
the radiation would be increased further. It is surprising, however, that
there was no increase in emission from the outside edge, (ie. non-marfe
region). Fig. 7-4 shows the intensity and emission profile both before
and after injection. There was a strong increase in the marfe intensity,
and an increase in the central emission, but there was no increase in the
outside edge emission at all.
If the nitrogen were evenly distributed, an increase in outside edge
emission would certainly have shown up on the bolometer. The conclusion
is that impurities did not distribute evenly, but were excluded from the
non-marfe edge region. The data also indicate that the nitrogen may have
concentrated in the marfe region, which further implies that one principal
mechanism for marfe emission may be low-Z impurity radiation.
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7.4 SIDE 2w BOLOMETER EXPERIMENT
The 2 principal objectives of this investigation were to determine
whether radiation had an effect on energy confinement time, and to
establish which processes were responsible for this radiation loss. The
central radiation loss can be explained by Molybdenum line radiation. The
mechanism responsible for marfe radiation is less well understood.
Poloidal emission profiles are shown in fig. 7-5 for 16.5 cm and 10
cm plasmas. These plots are of the fitted polynomials to the measured
emissions. The poloidal angle is measured from the emission center, and
the emission is assumed to be symmetric. In- both cases, the position
chosen for the emission center was that value that minimized the total
radiation, which also corresponded to the location inferred from the
visible bremsstrahlung array. The magnitude of the emission did depend on
the assumed radial width of the marfe. The value 2.5 cm was used, which
required that the inside edge of the marfe extend 1 cm inside of the
limiter and the outside edge of the marfe extended to the virtual limiter
radius. It is not likely that the marfe extended significantly inside of
15.5 cm, (the limiter radius was 16.5 cm), because the electron
temperature would become large there, and the results of chapter 6
indicate a region of low temperature. The emission shown in fig. 7-5 is
likely to be a lower bound.
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The profiles are interesting because of the difference in emission
between 10 cm and 16.5 cm plasmas. The 10 cm marfe emission was a factor
of 5 lower, but it was also twice as broad. The 16.5 cm marfe would be
more likely to dominate the edge power balance than the 10 cm marfe. The
16.5 cm data are typical of the high density discharges studied in this
thesis.
The emission from the 10 cm marfe is not difficult to explain. The
most likely mechanisms for the loss are impurity line radiation, hydrogen
line and recombination radiation, and charge-exchange. The mechanisms
responsible cannot be determined unambiguously, because detailed
spectroscopic data is not available. However, emission on the order of 5
watts - cm-3 can be achieved with edge densities of ne = 5 x 1013 cM- 3,
temperatures of Te = 10 ev, and a Zeff a 1.3, which are reasonable values
for the edge plasma. The density may be considered high, but probe
measurements, (shown in chapter 9), indicate that electron densities in
the marfe are higher than normally found at the edge.
The more interesting case, and the one more difficult to explain, is
the emission from the 16.5 cm plasma. The marfe radiated 20 watts - cm- 3,
and this value may be a lower bound.
There are 4 possible loss mechanisms which might account for emission
on the order of 20 watts - cM- 3: hydrogen line emission, molecular
hydrogen line radiation, low-Z impurity emission, and neutral particle
losses via the charge-exchange reaction. It is quite difficult to measure
spectroscopically each of these processes in order to determine which was
the cause of the marfe emission. However, it was possible to determine
unambiguously which processes were not responsible and infer the principal
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mechanism by elimination. Hydrogen and low-Z emission are considered in
chapter 9, using the results from the Langmuir probes.
A method for establishing whether the charge-exchange loss was
significant was conceived of by my co-worker, Dr. Lipschultz. A second 2N
bolometer was mounted on the side of A-port. Because the marfe was
located on the upper inside of the torus, the radiation flux from the
marfe had to pass through the plasma to reach the 2n bolometer. The
plasma was optically thin to all radiation that was expected from the
marfe: visible and ultraviolet. However, the plasma at high density was
optically thick to charge-exchange neutrals. The charge-exchange flux
that might be emitted by the marfe would be attenuated before reaching the
2w bolometer. Because the bolometer array and the 2w bolometer on the
array viewed the marfe directly, the neutral particle emissions to these
detectors would not be filtered. If neutral losses from charge-exchange
were a significant loss process from the marfe, than the power seen by the
side 2w bolometer, and the power seen by the array would be quite
different. Conversely, if the two systems measured the same power,
neutral particle emission didn't contribute significantly to the power
loss from the marfe.
The results of this experiment are plotted in fig. 7-6. This plasma
suffered an unusually intense marfe, (emission was greater by a factor of
3 than for typical high density discharges), and the onset was quite
sudden. This choice was made to maximize the radiation change so the
signal to noise of the measurement would be the greatest possible.
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The measured radiated power obtained from the array and the side 2w
bolometer agree quite closely: well within the experimental uncertainty.
The conclusion is that charge-exchange loss is not responsible for marfe
emission and that the intensity of the marfe is toroidally symmetric.
One problem presented by the marfe was that the 2w bolometer
measurement was called into doubt. The 2w bolometer measurement presumes
that the plasma emission is isotropic, however, because the marfe is
localized, the emission is clearly not isotropic. The results of the side
2w experiment indicate that the error is not large, because the 2w
bolometer on the array, (top position), and the side 2w bolometer
measurements agreed closely.
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CHAPTER 8
INTRODUCTION TO PARTICLE FLOW PROBLEM
The bolometers have traced the power balance in Alcator C. The more
specific question of whether radiation significantly degraded energy
confinement time was answered for low density. Radiation dominated the
power balance and molybdenum line emission was the principal mechanism.
In the high density case central radiation did not reduce energy
confinement, however, the effect of the marfe radiation is unknown. Edge
radiation does not directly change energy confinement, but an indirect
effect is possible.
The importance of the marfe lies in the fact that the power radiated
is comparable to the loss from the remaining volume of the plasma. The
magnitude makes possible a loss of confinement or an edge thermal
instability which might cause the collapse of the current profile.
Before this study can be complete, the physics of the marfe and the
radiation loss must be better understood. Specifically:
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1. What atomic processes caused the marfe radiation?
2. What were the plasma conditions in the marfe? (density and
temperature)
3. Did the marfe cause the burn marks on the limiter, and, if so,
did it do any other damage on the inside of the vacuum chamber.
The data taken so far suggest answers to some of these questions, but
direct measurements are needed.. The breakup of the laser interferometer
signal indicates a region of high density and/or steep gradient scale
length. The correlation of low energy atomic radiation processes with the
marfe suggests that the marfe temperature was low.
The high (presumed) density of the marfe might have been responsible
for the burn marks on the limiter, particularly if the temperature were
not too low. A measurement of the thermal flux to the limiter in the
marfe would confirm whether the marfe was located at the burn marks, which
was assumed in chapter 5 as evidence for toroidal symmetry. Also it would
determine whether the marfe could have been responsible for internal
damage to the vacuum system.
The expected temperature and density in the marfe suggest that the
principal emission process was either low-Z impurity radiation or hydrogen
radiation. The side 2w bolometer experiment proved that charge exchange
was not a significant loss process. If density and temperature profiles
were known, light impurity and hydrogen line emission could be calculated
with the Post and Jensen formula:
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P = nenzL(T)
8.1 MODEL FOR MARFE
A picture of the marfe, depicted in fig. 8-1, begins to emerge, as a
band of high density, low temperature plasma on the upper inside of the
torus. The poloidal position of this band of plasma is nearly toroidally
symmetric and radiates power of order 20 watts - CM-3,
In the context of this model, several, more specific, questions are
suggested:
1. How does the density build up? Is it due to transport along
field lines?
2. Does the marfe drop in temperature?
3. If the marfe does drop in temperature, is this due to radiation
losses?
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One mechanism that could account for a buildup of density is an
increase of parallel transport into the marfe. If the marfe were cooler
than the edge region elsewhere, particles would flow along field lines to
maintain pressure balance. As particles flowed into the marfe region, the
non-marfe regions would be depleted of density.
Before the results of the next chapter are discussed, it will be
convenient to review some basic theory needed for analysis of the data.
There are 2 issues to consider: probe theory and particle flows on a
field line.
8.2 BACKGROUND THEORY: LANGMUIR PROBES
In the strongly magnetized case probes can be used most effectively
for 2 measurements: local electron temperature, and relative changes in
ion density. Absolute measurements of local density are good only to a
factor of 2. For this chapter see Chen [88).
The probe analysis is simplified if "plane probe theory" is used.
The probe sheath, is modeled as an infinite plane and the analysis is
1-dimensional. The condition that needs to be satisfied is:
(8.2.1) k >> XD
where Z is the size of the probe and XD is the debye length. For
typical edge plasma parameters: fie = 2 x 1013 cm-3 and Te = 20 ev, the
debye length is: XD = .001 cm. This length is much smaller than any of
the probe dimensions, so plane probe theory is valid.
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Probe behavior in a magnetic field can be approximated by considering
only flows along field lines. The plasma is assumed sufficiently confined
that perpendicular flux to the probe was negligible. There are 2
conditions that need to be met for this approximation to be valid: ions
and electrons must be strongly magnetized, and the ion larmor radius must
be small compared to the probe size. The first condition is expressed as:
(8.2.2) wce Vei
Wci >> vii
where oce(ci) is the electron (ion) gyrofrequency and vei(ie) is the
electron-ion (ion-ion) collision frequency. For the typical edge
parameters mentioned above, and a toroidal field of: BT = 8 tesla, these
conditions read:
(8.2.3) wce = 225 GHz >> vei = 
5.0 MHz
wci = 121 MHz >> vii = 110 kHz
The second requirement is stated simply as: t >> rL. For these same
parameters:
£ = .13 cm
(8.2.4)
rL = .005 cm (ions)
so these requirements are met and only parallel flows into the probe need
be considered.
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The final criterion to be determined is whether to use collisional or
collisionless probe theory. The collisionless theory is much simpler.
The necessary condition is that the collisional mean free path is much
larger than the probe dimensions:
(8.2.5) XmfP >> L
Again, taking the typical Alcator C edge parameters mentioned above, this
condition is fulfilled:
(8.2.6) XMfp a 20 cm >> i = .1 cm
These values were computed for typical Alcator C edge plasma
parameters, obtained from the results of Hayzen, Overskei, and Moreno
[89). In the marfe the plasma conditions were quite different, however,
the above conditions were also met there.
If a probe is operated below the space potential, then electrons will
be retarded and ions accelerated into the probe. Because the electrons
are repelled, their distribution function is not strongly affected, and
they are in thermal equilibrium. The density of electrons is then:
(8.2.7) N(x) = No exp(e (x)I/kTe)
where No = electron density outside the sheath, N = electron density
inside the sheath, kTe = electron temperature, (x) = sheath potential as
a function of distance from the probe.
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The electron current to the probe is obtained from the flux of
electrons crossing the plane of the probe. For a maxwellian distribution
in the strongly magnetized case, the flux is:
(8.2.8)
r =(1/2)nV = (1/2)"Vthe
where
t M2kTe 1/2the 7, e = electron thermal speed
The electron current to the probe is obtained from these equations:
(8.2.10) Ie = eNO Vthe A exp(-e 0/kTe)
where A = the area of the probe perpendicular to the magnetic field, and
4 is the total sheath potential. The factor of 1/2 disappears because
particles flow into the probe from both sides.
The ion current behaves quite differently. Ions are accelerated by
the sheath, but must enter with a velocity equal to at least the sound
speed:
(8.2.11) kTe 1/2Vs = ( )
This requirement is known as the Bohm sheath criterion. The flux of ions
is then:
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(8.2.9)
(8.2.12) ri = NiVs
and the ion current to the probe is:
kTe 1/2
(8.2.13) Ii = 2eN ( ) A
where again, the factor of 2 appears because particles flow into the probe
from both sides. Equations (8.2.10) and (8.2.13) are used to solve for
the sheath potential by setting the ion and electron currents equal:
Ie = Ii
(8.2.14)
kTe
eN0 Vthe A exp(e/kT ) = 2eNo(. )1/2 A
which reduces to:
(8.2.15) - -(1/2) ln( -)
kTe Mi
These relationships can also be used to infer the electron
temperature and the ion density from the probe I-V characteristic. If the
probe is biased sufficiently negative, the exponential in equation
(8.2.10) becomes very small and the electron current approaches zero.
Using equation (8.2.13), the local ion density can be inferred from the
probe current:
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Ii kTe -1/2(8.2.16) N. = ( )
1 2eA M1
This measurement is not very accurate. It depends on both the electron
temperature, which has to be measured, and the probe size. Moreover, it
is strongly dependent on the physics assumptions made for sheath
potential.
The electron temperature measurement is better. This measurement is
made by sweeping the probe bias voltage to obtain the probe I-V
characteristic. The total probe current is the sum of ion and electron
currents:
(8.2.17) I() = Ii + Ie
where is the total sheath potential between the probe and the plasma,
and is varied by sweeping the probe bias voltage. Take the logarithmic
derivative of this expression:
d d d(8.2.18) 
- ln(I(l)) = --- ln(Ii) + -- ln(Ie)
The first term drops out because ion current doesn't depend on the sheath
potential, and the second term can be written:
d de(8.2.19) --- ln(Ie) = -- (ln(eNO Vthe A) - --dT do kTe
The first term of this equation also drops out, and the the temperature is
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found to be:
-1
(8.2.20) kTe = d
e --- ln(Ie(O))
This measurement is generally more reliable. All geometric factors
and physical uncertainties have cancelled. The only assumptions made are
that the ion current doesn't vary with the probe potential, and the
electrons are in thermal equilibrium. Once the electron temperature is
obtained, it is substituted back into equation (8.2.16) to calculate the
ion density.
8.3 BACKGROUND THEORY: PARTICLE FLOWS IN THE LIMITER SHADOW
Because the probes and part of the marfe lie behind the limiter, it
is useful to consider particle transport in the limiter shadow region.
Particles flow freely along field lines and diffuse across the magnetic
field [90). Parallel transport is constrained by the boundary conditions
at the intersection of the field lines with the limiter. Particles can
stream into the limiter only at the flux given by the Bohm sheath
criterion:
(8.3.1) ri = NVs
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Parallel transport is also usually fast. Therefore, the parallel
density gradients must be shallow in order that the parallel fluxes match
the fluxes at the limiters. The condition is:
(8.3.2) Ln > ZL
where ZL ~ R7 is the distance between limiters along a field line and the
parallel density gradient scale length is defined by:
(8.3.3) L 1  1 3N(r,s)
N(r,s) as
Although particles move most freely along field lines, they will
occasionally suffer unlike particle collisions and diffuse across field
lines. The perpendicular diffusion flux is given by Fick's law:
(8.3.4) r, = -D1Vin(r)
In the steady state, the local densities are constant in time and the
divergence of the parallel and perpendicular fluxes must be balanced by a
local source or sink of density:
(8.3.5) v-(ru + rj) = S
For typical edge temperatures and densities, recombination rates are
small, except near the limiter itself. The source term, S, can be
expressed as strictly- the rate of ionization of local neutrals:
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(8.3.6) S = NeNnav>
Here Nn is the local neutral density and <av> is the rate coefficient for
electron impact ionization.
A direct consequence of equation (8.3.2), is that the electron
density is roughly constant along a field line. If the assumptions also
are made that the electron temperature is constant along a field line, and
the neutral density is constant, then the terms Di and S, which depend
only on Nn, N(r), and No , are also constant along field lines. Clearly
the neutral density near the limiter will be higher than elsewhere, so
that a detailed particle balance must be done computationally [85,91,92].
However, with these assumptions equation (8.3.5) can be rewritten:
(8.3.7) vg-ru = S - vi-r
where the right hand side depends only on the radial coordinate and not at
all on the coordinate along the field line. Substituting for S and ri
yields:
(8.3.8) vj -rj = <av>NnN(r) + v1Djv 1N(r)
where quasi-neutrality is assumed and density is only a function of r:
(8.3.9) Ni = Ne = N = N(r,s) = N(r)
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This equation can be expressed explicitly as the function a(r), which
will be specified by the boundary conditions:
(8.3.10) V r1 P(r,s) = O(r) = <av>NnN(r) + D V2N(r)
D, is pulled outside of the divergence operator, so it is assumed to be
constant in r, but <av>, which depends strongly on the neutral and
electron densities, is implicitly a function of r. None of the terms in
equation (8.3.10) is assumed to depend on the coordinate s, along the
field line. This assumption may break down close to the limiter, where
the neutral density is typically higher.
In cylindrical coordinates the parallel and perpendicular
differential operators are defined as:
as
(8.3.11)
a2  1 a
7r ar
where the perpendicular component in the poloidal and toroidal directions
has been ignored.
Substituting for V11 into the left hand portion of equation (8.3.10)
results in:
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a(8.3.12) vjrH(r,s) = --- rj(r,s) = 0(r)
as
This equation is solved by direct integration with respect to s, taking
advantage of the independence of 0(r) with s:
r1(r,s) = fa(r)ds + constant
(8.3.13)
= a(r)s + constant
Because the field lines intersect limiters at 2 points, there are boundary
conditions at s = 0 and "210", specified by the Bohm sheath criterion. At
these points the parallel flux is:
(8.3.14) ru(r,ZL) = 
sN(r)
rj1 (r,O) = -VsN(r)
One important assumption of this model is that the flow along field
lines is symmetric, which means the density must be constant along field
lines. This assumption requires that the supply of particles, (ie. the
perpendicular diffusion onto a field line), is also constant along the
entire field line. The boundary conditions at the limiters are matched by
rewriting equation (8.3.13) as:
2Vs 2s
(8.3.15) rll(r,s) = -- N(r)s - VsN(r) = ( - 1 )VsN(r)
ZL ZL
where the function s(r) has the form:
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2Vs
S(r) - N(r)
ZL
Knowing
differential
(8.3.17)
the exact form of (r), the right hand side of the
equation can be solved for the radial density profile, N(r):
2Vs
N(r) = <av>NnN(r) + DV N(r)
ZLnI
The equation is simplified by defining the perpendicular gradient scale
length Xj :
(8.3.18) 2 2Vs <av>Nn
DIZL Di
and rewriting, substituting for X1 and for the differential operator vi :
(8.3.19) a
2N(r) 1 N(r)
+ -- =
ar2 r ar r
Equation (8.3.19) is solved by the zeroth order modified Bessel function,
KO
NOKO(r/x,)(8.3.20) N(r)=
KO(al/,
where No is the plasma density at the limiter interface.
that r/X >> 1., the solution is approximated by :
In the case
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(8.3.16)
(8.3.21) K(r/x) exp(r'
K.(az/,
where r' is measured from the inside limiter edge:
(8.3.22) r' = r - a
For a 16.5 cm plasma the condition r/X1 >> 1 is valid, so the density
profile is written as:
(8.3.23) N(r) = NOexp(- )
i
In most cases the expression for Xi is simplified by ignoring the neutral
source term:
(8.3.24) X-2
DiZL
Direct probe measurements of the limiter shadow density profile on
Alcator A and Alcator C found that the perpendicular gradient was
exponential, as predicted, and a gradient scale length that would be
expected from Bohm diffusion: 3 mm [89,93]. Similar results were also
seen on JFT-2 [90].
The parallel flux is deceptively similar to the form of parallel
effusion of particles. However, the parallel transport is not necessarily
effusive, it is merely fast. The condition for effusive flow is the mean
free path between collisions is large compared to macroscopic scale
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lengths. For typical edge conditions in Alcator, the mean free path is:
(8.3.25) Amfp , 20 cm
This number is insufficient for effusive flow between limiters.
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CHAPTER 9
PARTICLE FLOWS AND PROBE MEASUREMENTS
The questions proposed in chapter 8 require measurements of the
density and temperature profiles behind the limiter, particularly in the
marfe region. One probe was built and installed to investigate the marfe,
but several others were already in use. These were graciously lent us by
Yuichi Takase. Fig. 9-1 shows the locations of all the probes used.
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The probes were used in two modes, one with the probe biased a
constant -35 volts relative to the vacuum chamber, and the other with the
voltage swept so a simultaneous measurement of temperature and density
could be made. With the probe biased at -35 volts, the signal was
proportional to the ion saturation current:
(9.0.1) I - niTe 1/2
In the second mode, the probe voltage was held at -35 volts for one half
cycle, permitting a careful measurement of the ion saturation current.
During the second half cycle, the probe voltage was ramped to +8 volts.
The top of the envelope of the current trace in this mode was used as a
measure of relative density.
9.1 MARFE PROBE TEMPERATURE MEASUREMENTS
The first measurements taken were of radial temperature and density
profiles in the marfe region. These data were obtained both before and
during the marfe emission during a run of nearly identical discharges.
Fig. 9-2 is a plot of the radial electron temperature profile at the marfe
location. The significant feature of these data is that the temperature
during the marfe, Te = 5 ev, was lower than without the marfe, with the
largest difference occurring near the limiter. This result is consistent
with the spectroscopic data discussed in chapter 6. The marfe temperature
profile was also quite flat.
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The time history of the marfe temperature is shown in fig. 9-3. Also
plotted is the radiated power from the marfe, inferred from the bolometer
intensity profile. The reduction in temperature is coincident with the
increase in emission.
Once the marfe starts, a simple power balance analysis indicates that
more power is radiated by the marfe than is conducted radially into into
it. A drop in marfe electron temperature is not unexpected under these
circumstances. In a typical high density discharge, central radiation is
negligible, so nearly all the ohmic power is transported to the edge of
the plasma. This energy is lost by 3 principal mechanisms: thermal
conduction to the limiter, radiation from the marfe, or edge radiation
from the limiter and pulsed gas ports. Because the energy is lost at the
edge, it must be conducted through one of the outermost flux surfaces.
The power flux density through this surface is the total ohmic power
divided by the surface area. For a typical 1 MW discharge, and a minor
radius equal to the limiter radius, the power flux density is:
1MW
(9.1.1) = 24 watts - CM2(2wR)(2wr)
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The radial power flux density, that must be conducted into the marfe
region to sustain the radiation losses, is the emission times the marfe
width. For a typical marfe, the emission is 20 watts - cM- 3 and the width
is 2.5 cm:
(9.1.2) e-d = 20 x 2.5 = 50 watts - cm-2
This value, for the power that the marfe radiates per unit area, is a
reliable number. Although the marfe emission depends on the radial width,
it is inversely proportional. The product of the emission and the radial
width is therefore independent of width, and is not sensitive to the
modeling of the marfe.
If the ohmic energy were conducted isotropically, then the radiation
would exceed the radial thermal transport into the marfe. It is not
surprising that the marfe plasma would cool. One weakness of this
argument is the assumption that conducted power is isotropic.
Measurements of thermal loading on the divertor plates of PDX, for
example, indicate that conducted power is not isotropic. Power is
preferentially conducted outward on PDX [94). If this were also true on
Alcator C, power would be preferentially conducted away from the marfe,
augmenting the discrepancy between radiated power and radial thermal
transport. The energy radiated from the marfe that is not supplied by
radial conduction must necessarily be supplied by thermal transport along
the field lines.
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9.2 DENSITY BEHAVIOR AT THE MARFE PROBE
A consequence of the electron temperature drop in the marfe is an
increase in the local electron density. As the temperature is lowered,
the plasma kinetic pressure decreases and particles will flow into the
region along field lines. Because there is also perpendicular transport,
the flow may be dynamic and constant pressure along a field line may not
be achieved. However, qualitatively, a decrease of electron temperature
should be accompanied by an increase in local density. This effect was
observed with the marfe probe. Fig. 9-4 shows the time history of the
local temperature and density for a discharge that suffered a marfe.
Beginning at 100 ms, the marfe radiation increased and the electron
temperature dropped to the nominal 5 ev value. Simultaneously, the
electron density increased to he = 3 x 1014 cM- 3.
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Radial density profiles measured by the marfe probe both before and
during the marfe are shown in fig. 9-5. Three observations are made from
these results. First, the density profile in both cases decays
exponentially, as was predicted by the particle flow model discussed in
chapter 8. Second, the density during the marfe is greater, particularly
close to the virtual limiters. Third, the characteristic decay length is
longer during the marfe.
If the particle flow picture is true during the marfe as well as at
other times, then the radial scale length is:
2 2Vs(9.2.1) = -2
DIZL
The increase in scale length may be due to either a decrease of the sound
velocity, or an increase of the diffusion coefficient. Some of the change
may be due to Vs, because the electron temperature changes during the
marfe, and:
kTe 1/2
(9.2.2) Vs =
However, the dependence is slight:
(9.2.3) X - Te~1/4
The most likely cause is the change in Di . If the increase of X1 is due
entirely to the change of DI , then it increased more than a factor of 2.5
during the marfe.
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9.3 LIMITER THERMAL LOADING
The results plotted in figs. 9-2 and 9-5 enable a calculation of the
expected thermal flux to the limiter, in the marfe region. The particle
flux to a floating limiter is given by the Bohm sheath criterion:
(9.3.1) rj = NVs
Electrons are repelled by the sheath and remain in equilibrium. The
distribution function is reduced in magnitude, but the average energy per
particle remains the same. The ions retain their kinetic energy and are
also accelerated by the sheath. The electrons and ions strike the limiter
with energy:
Electron energy per particle = (3/2)kTe(9.3.2)
Ion energy per particle = (( 3/ 2 )kTi + eo)
The total thermal flux to the limiter is then:
Power = (Electron + Ion Thermal Energy) x Particle Flux
2wMi
P = kTe(3 + (1/2)ln( 
-))r = yrlikTe
(9.3.3) Me
where
27rMi
y = (3 + (1/2)ln(- ))
me
where the assumption was made that Te = Ti, and equation (8.2.15) was
substituted for the sheath potential. The value for y is typically 7.
Substituting for ru and simplifying yields:
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(9.3.4) P = YtNVskTe
Using equation (9.3.4) and the temperature and density profiles in
the marfe region, the expected thermal flux on the limiter was calculated.
The results are plotted in fig. 9-6. During the marfe, the power
deposited on the limiter was greater, particularly at the virtual limiter
radius. At 18 cm the thermal flux during the marfe is 10 times the
non-marfe value. This effect may explain some of the internal damage that
.has been observed in the Alcator vacuum chamber. These results may also
explain the burn marks that develop on the upper inside of the limiter
which were used in chapter 5 to determine the position of the marfe at 2
toroidal locations.
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9.4 RADIATION PROCESSES
There are 3 remaining atomic processes which could account for the
observed emission from the marfe: low-Z impurity radiation, hydrogen line
radiation, and molecular line radiation. Two of these, hydrogen and low-Z
radiation can be calculated from the Post and Jensen tables and the
familiar formula:
(9.4.1) P = nenzL(T)
The collisional-radiative model is somewhat in doubt in the marfe region
because it is likely that transport is significant. However, these
calculations need only to be accurate to an order of magnitude. The value
of L(T) was inferred from the temperature profile of the marfe, Te = 7 ev
and the density was taken to be fe = 0.3 x 1014 cm-3 and fe = 1014 cm-3,
which covered the range of values of the density profile.
In the case of low-Z radiation, the required impurity density to
account for the measured emission was calculated for carbon, nitrogen, and
oxygen, which are the common light impurities in the Alcator C plasma.
The marfe emission was inferred from the bolometer assuming a width of 2.5
cm. The cooling coefficient was inferred from the collisional-radiative
calculations and the electron temperature of the marfe. The impurity
density was then used to calculate the minimum Zeff. Again the Post and
Jensen tables were used to obtain the charge state of the impurity. The
results are summarized in table 9-1.
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Table 9-1
Element Density (cm-3)
Carbon
Carbon
Nitrogen
Nitrogen
Oxygen
Oxygen
1
3
1
3
1
3
1014
1013
1014
1013
1014
1013
Temperature
5
5
5
5
5
5
ev
ev
ev
ev
ev
ev
Impurity
Density (cM-3)
2.5
8.3
1.0
3.0
2.0
6.0
x
x
x
x
x
x
1012
1012
1013
1013
1013
1013
In the case of
nuclei density:
(9.4.2)
hydrogen, the "impurity density" is the total hydrogen
nz = ni + na
where na is the hydrogen neutral density and the ion density is:
(9.4.3) ne = ni =n
The relative fraction of neutral and ionized hydrogen was also calculated
from the collisional-radiative model. At Te = 5 ev hydrogen is more than
99.9% ionized [67], so the assumption that na < ni is valid and equation
9.4.1 is simplified to:
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z
1.09
1.7
1.24
3.4
2.0
(9.4.4) P = n12L(T)
The power from hydrogen was calculated using the same values
density as for light impurities. a range of temperatures was used, 3
ev, because the cooling coefficient depends strongly on temperature
this range. The results are sunnarized in table 9-2.
Density (cm-3)
1 x 1014
1 x 1014
3 x 1013
3 x 1013
Table 9-2
Hydrogen
Temperature
3 ev
8 ev
3 ev
8 ev
Emi ssion
3.0
7.0
2.7
6.3
(watts - cM-3)
x 10-2
x 10-3
x 10-3
x 10-4
The remaining possibility was radiation from
This rate was measured spectroscopically, and the
from the intensities of a few specific lines [95].
several orders of magnitude too small.
molecular hydrogen.
total power inferred
The emission was
Two conclusions were drawn from this analysis. First, hydrogen line
radiation was several orders of magnitude too small to account for the
marfe emission. This result was also confirmed by spectroscopic
measurement of several lines from neutral hydrogen [95]. The total power
was then extrapolated from the distribution of line intensities predicted
by the coronal model, and the measured line intensities.
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Second, low-Z impurity radiation is a plausible mechanism and is the
only process that has not been ruled out. The calculated impurity
densities and Zeff are within expected ranges. However, this conclusion
is inferred, and has not been confirmed by a detailed spectroscopic study.
9.5 DENSITY DEPLETION AND PARTICLE FLOWS
The marfe probe showed a distinct increase in ion density at, or
closely after the onset of the marfe. If the increase were due to
particle transport along field lines, then it was likely that the density
would deplete at other edge positions. Several probes at other toroidal
and poloidal locations were monitored for a depletion of density during
the marfe. Edge depletions have been observed on ISX-A at high densities.
The explanation given, however, was that the plasma column contracted
suddenly [96].
The probes outside the marfe were also monitored during non-marfe
discharges. These data were then compared to the data for discharges that
did suffer marfes, to see if the marfe had the expected effect of causing
a depletion of density. Fig. 9-7 shows oscilloscope traces of a
representative non-marfe case. This probe was located on the top
centerline of D-port and was biased a constant -35 volts relative to the
vacuum chamber. In this configuration the probe was in the ion saturation
mode. The probe trace, which was a measure of the probe current, was
proportional to the local ion density and weakly proportional to the
electron temperature. Later measurements with the probe voltage swept,
however, indicated that the temperature remained constant throughout most
of the discharge.
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The discharges shown were at low and medium line averaged density.
Toroidal field, BT = 100 kG, and plasma current, Ip = 600 kA, were
constant for both cases. In the low density discharge, there was a slight
building of edge density during the beginning of the plasma, which
gradually decreased to a steady state value for the remainder. The
central line averaged density was greater in the second discharge. In
this case the initial edge density was the same, but it did not decrease
during the steady state part of the discharge. Neither of these
discharges showed appreciable marfe emission and neither showed any rapid
density depletion.
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Fig. 9-8
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The waveguide probe at C-side port was unaffected by the marfe. In
fig. 9-9 the probe trace shows a slight increase during the marfe,
however, in other discharges it was also seen to decrease, and to remain
constant.
The behavior of the densities at the probes can be understood in the
context of particle transport along magnetic field lines. Magnetic field
lines closely connect D-top to the marfe at F-port. When D-top depleted
there was a simultaneous density increase at the marfe probe. This result
indicates that particles flowed from D-top, along the field lines, into
the marfe at F-port. The flow of particles occurred after the marfe had
begun, so it didn't initiate the marfe, but seemed to be a consequence.
The probe at F-top also showed a depletion of density, however there
was no measurable delay after the onset of the marfe and only a small
increase in density at the marfe probe. This behavior is also expected if
particles flow along field lines. The marfe probe, which was located at
F-upper-inside, was separated from the F-top probe only by poloidal
position. Particles would have to have crossed magnetic field lines to be
transported from F-top to the marfe probe.
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These results may be more easily understood by viewing the geometry
of the magnetic field "flattened out". The torus, or more appropriately
an outer toroidal flux surface, is cut and stretched into a straight tube.
The tube is then slit lengthwise, opened out flat, and stretched in the
"poloidal" direction. The resulting magnetic topology is shown in fig.
9-10 and applies to a discharge with qz = 3.4, although moderate changes
in qk will not affect the results here. The limiters are depicted as grey
vertical bars, with the limiter at E-port shown on both sides of the
picture because this is where the torus was cut. The tube was slit along
the outside midplane, which appears on the top and bottom of the graph.
The ports and the poloidal coordinates are marked accordingly. Also, each
of the probes is marked at its toroidal and poloidal location. The pulsed
gas valve at D-port is located on the top flange, next to the probe. The
marfe is shown as a crosshatch, and is assumed to be toroidally symmetric.
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The magnetic field lines, as seen in fig. 9-10 do connect the marfe
probe and the tops of C-port and D-port. If particles were transported
parallel to the magnetic field then a depletion at either C or D-top
probes should be correlated with an increase at the marfe probe.
Unfortunately, there was not a probe on C-top to measure the depletion
there, but the depletion at D-top was always coincident with the density
increase at the marfe probe.
The marfe should also have little effect on the density measured at
the probe on C-side port. In order for particles to reach the marfe from
C-side along field lines, they would have to transverse 1.5 to 2 toroidal
excursions, depending on the direction travelled. The path is much less
direct than the path between D-top and F upper inside, which are separated
by only 2/3 of a toroidal excursion.
The effect of the marfe on the density at C-side would also be
reduced by perturbations in the toroidal flux surfaces. Flux surface
calculations made by Sharky [107), indicate that the surfaces bulge toward
the vacuum chamber on the inside of the torus, which is due to the single
turn of the magnet. According to these calculations, the field line that
intersects the C-side probe would intersect the vacuum chamber wall before
reaching the marfe. No particle transport would be likely under these
circumstances.
Two questions remain, first, why was the flow of particles from D-top
to the marfe delayed after the onset of the marfe, and second, why was
there a substantial increase at the marfe probe only when D-top depleted.
If the plasma edge region were entirely symmetric D-top and F-top should
have behaved identically.
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One suggestion, made to resolve these questions, was that the marfe
had moved poloidally down so that it no longer enveloped the marfe probe.
The probe would not measure the marfe density and it would appear that the
particle flow had not occurred. This picture was suggested because
poloidal movement had been observed by the visible bremsstrahlung array.
An example of marfe behavior that motivated this interpretation is
shown in fig. 9-11. This discharge suffered an unusually intense marfe,
which lasted throughout the discharge. The bolometer channels registered
12 watts - cm- 2 - steradian 1  and the Ha detector saturated due to
abnormally high level of marfe emission. The inside density laser signal
was completely disrupted. However, 200 ms after discharge initiation, the
density measured by the marfe probe abruptly dropped to near zero. The
drop was not due to the disappearance of the marfe but due to the movement
of the marfe below the probe.
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Fig. 9-11
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This motion was observed by the visible bremsstrahlung array for the
discharge shown in fig. 9-11. The data are shown in fig. 9-12. Three
traces are plotted: the density at the marfe probe and 2 channels from
the visible bremsstrahlung array. One channel viewed a horizontal chord 8
cm above the midplane and the other 8 cm below the midplane.
Simultaneously with the drop in density at the marfe probe, the signal
from the bottom chord abruptly increased and the signal from the top chord
dropped. The change in these intensities is due to the marfe moving down
and away from the probe.
Returning to the original depletion data shown in fig. 9-8, the delay
between the onset of the marfe and the flow of particles could be
explained if the marfe started below the probe and subsequently moved up.
Accordingly, the intensity profile of the visible bremsstrahlung array was
examined for this discharge, for any indication of marfe movement when the
flow of particles occurred. This discharge was representative because the
delay was long, but the analysis was repeated for several other discharges
with identical results. The intensity profile during the flow of density
is shown in fig. 9-13. For all these data, the visible bremsstrahlung
array was filtered for the visible continuum.
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The Z-meter intensity profile grew gradually for the first 75
milliseconds of the marfe. This initial stage of the marfe is shown as
the solid curves in fig. 9-13, which also show that the probe was within
the marfe edge. During this time the inside bolometer channel and the H.
signals were increasing, also indicating that the marfe had begun. The
inside channel of the density interferometer was disrupted from the
outset, (see fig. 9-8). About 75 ms after the onset of the marfe, the
density at the D-top probe location abruptly depleted. Simultaneously,
the density at the marfe probe increased at least a factor of 5,
indicating that particles were transported along field lines from D-top
into the marfe. Coincident with the flow of particles was an abrupt shift
of the Z-meter intensity profile. The motion was down, the opposite as
expected. The profile, marked "D-top depletion" in fig. 9-13, moved below
the midplane. Immediately after the flow of particles from D-top, the
marfe moved back to its original position, marked "After Depletion" in
fig. 9-13. The change of the Z-meter intensity profile indicated that the
marfe moved simultaneously with the flow of particles from D-top.
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There are several considerations to these observations. First, the
marfe motion and the flow of particles are only known to be simultaneous
with 4 milliseconds. This limitation is due to the data digitization
time, which was 2 milliseconds per sample. The three Z-meter profiles,
which show the marfe position just prior, during, and after the particle
flow, were sequential. Second, both the inside bolometer signal and the
Z-meter profile decreased just after the flow had taken place. This
behavior is not entirely inconsistent, because radiation depends
sensitively on other factors, principally electron temperature. An
increase in electron density and a decrease in emission is possible.
The behavior of the density at F-top was again contrasted to D-top.
When the density at F-top depleted, no motion was observed on the Z-meter
intensity profile.
In summary:
1. The depletion of density at F-top and D-top, and the simultaneous
(with D-top) increase of density at the marfe probe, indicate
that particles were transported along field lines into the marfe.
2. During the initial stages, the marfe was located sufficiently
high to partially envelope the marfe probe.
3. The probe signals and the marfe behaved differently depending on
whether D-top or F-top depleted. In particular:
1. The depletion at F-top occurred at the onset of the marfe but
the depletion at D-top was occasionally delayed.
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that the marfe intensity was not toroidally symmetric.
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and the inferred geometry.
The total power calculated from the Marfe and the bulk plasma agreed
quite closely with the power measured by the 21 bolometer. In addition,
the width and the poloidal center were varied to test the geometric
modeling of the marfe. Either the inferred power was insensitive to
parameter change, or the parameters were chosen to minimize the total
radiation. The total power from the marfe was comparable to the radiation
loss from the entire remaining plasma volume, typically 20% of total ohmic
input power.
The local emission from the marfe was inversely proportional to the
chosen width of the radiating region. A width of 2.5 cm was chosen,
corresponding to the distance from the virtual limiters, to 1 cm inside
the main limiters. The calculated emission with this width was typically
20 watts - cm-3.
Low-Z impurity radiation was inferred as the cause of this emission,
by a process of elimination. For example, charge-exchange was eliminated
by using a side 2w bolometer. Because the Marfe was located on the upper
inside of the torus, charge-exchange neutrals had to pass through the
plasma to reach a side 2n bolometer, and would be attenuated to negligible
levels. Because the side 2w bolometer measured nearly the same power loss
as the array, charge exchange didn't contribute significantly to the marfe
emission.
Probe measurements of the Marfe temperature and density and the
tables from Post and Jensen were used to infer the emission from atomic
hydrogen and light impurities. The calculated emission for hydrogen was
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several orders of magnitude to small to account for the marfe radiation.
These results were confirmed spectroscopically. Radiation from molecular
hydrogen was also ruled out by spectroscopic measurement and calculating
the charge state of hydrogen at the marfe temperature. Low-Z impurity
radiation, particularly from carbon, was -found to be a plausible
mechanism. A Zeff of 1.1 was sufficient to account for the observed
emission if carbon were the principal radiator.
Several distinct properties of marfe behavior were observed. First,
the Marfe and central molybdenum radiation were mutually exclusive.
Although there were occasions where neither was present, never were both
seen simultaneously. Second, the marfe occurred usually at high density,
typically fe > 3 x 1014 cm-3, although this threshold was observed to vary
as the plasma current was changed. Third, the poloidal position of the
marfe did not seem to vary with toroidal angle. This observation is
significant because the marfe did not follow total magnetic field lines
but toroidal field lines.
The marfe was also studied at various limiter sizes. Although marfes
were seen with the smaller, 10 cm limiter, the local emission was reduced
compared to the 16 cm case.
Low-Z impurity radiation was seen by the bolometers only from the
marfe. There was no significant radiation from the edge outside the marfe
at all densities, even though 10-15% of the ohmic power was lost by low-Z
radiation. Nitrogen was injected into the discharge to increase the edge
radiation to appreciable levels, but nothing was observed on the
bolometers from the edge region outside the marfe. Conversely, the marfe
radiation was increased a factor of 4 over typical marfe emission for the
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same density. Impurities seemed to have been excluded from the non-Marfe
region.
The physics of the Marfe and the limiter shadow plasma was studied
with a system of Langmuir probes, the most important being the Marfe
probe. Radial density and temperature profiles were obtained for a series
of nearly identical discharges which suffered marfes. These measurements
confirmed the suspicion that the marfe was a region of high density,
ne ~ 1014 cm-3, typically inside the limiter shadow. The temperature was
Te = 5 - 10 ev, and this value was confirmed by spectroscopic
measurements. The radial temperature and density profiles were used to
calculate the power conducted to the limiter. The power deposited in the
marfe region was similar to the power deposited outside the marfe region,
near r=16.5 cm. However, the thermal load on the limiter close to the
vacuum chamber wall, for example at r=18 cm, was greater in the marfe by a
factor of 10. This enhanced thermal loading may explain the burn marks on
the limiter, and the internal damage to the vacuum chamber.
An increase in density up to a factor of 5 was seen at the marfe
probe, correlated with a depletion of density at the D-top probe. This
flow of particles occurred at the onset of the marfe or shortly
thereafter. The probe at F-top also showed a depletion of density,
however, no corresponding increase was seen on the marfe probe and the
depletion always occurred at the marfe onset. The marfe had no effect on
the density measured by C-side probe. This behavior is consistent with
the understanding that particles flow along field lines.
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When D-top depleted, the marfe was observed to move poloidally down,
and then quickly return to its original position. This motion was
associated with the presence of a pulsed gas valve at D-top, which raised
the local plasma density. No motion was observed when F-top depleted,
where there was no gas valve. This model was tested by operating a pulsed
gas valve on the bottom of the torus, so there was no longer a
concentration of particles at D-top. Probe measurements at D-top
confirmed that the density was indeed lower by a factor of 5 and the the
marfe no longer moved during the depletion of D-top. These results are
somewhat uncertain because the data were taken on separate runs.
The marfe probe also saw a temperature drop which was correlated with
the marfe emission seen by the bolometer. This drop was probably due to
the emission because the power conducted radially into the marfe was
insufficient to balance radiation.
10.2 SUGGESTIONS FOR FURTHER WORK
Several conclusions are suggested by the bolometer and marfe probe
results, but were not proven. The study of these issues would be a
natural extension of this work.
For example, the total energy loss measured by the 2n bolometer and
the limiter thermocouples did not add up to the total ohmic input energy.
A plausible explanation for this discrepancy is that local regions of
enhanced emission radiate the remainder of the energy. These regions are
located toroidally at the limiter and pulse-gas ports, where the neutral
concentration is high. When the 2w bolometer was operated at a pulse gas
port, the measured signal increased by more than a factor of 10, and
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saturated the device. An accurate power measurement was not possible
because the poloidal and toroidal extent of the emission enhancement had
to be known. A bolometer array located at a limiter or pulse gas port
could give spatial information and might be sufficient to measure the
emission enhancement accurately.
The experiment of operating pulsed gas valves at different locations
should be repeated during the same experimental run. Then the differences
in probe behavior would be exclusively due to the position of the valve.
The experiment could be expanded by also reversing the toroidal magnetic
field. When the toroidal field was reversed in preliminary experiments,
the marfe appeared on the bottom of the torus. These results should be
confirmed. Moreover, by operating with the field reversed and the bottom
pulsed gas valve, the marfe should move upwards when the valve location
depletes, if the particle flow model is correct.
Two other aspects of the marfe should be investigated. First, the
timing of the marfe movement with respect to the depletion at D-top should
be established to better accuracy than 4 milliseconds. This can be done
by increasing the digitization rate of the data loggers and repeating the
experiment. Second, a better understanding is needed of why the emission
from the marfe decreased after the density had increased.
Further work is also needed to explain the delay of particle flows
from the pulse gas valve location after the onset of the marfe. One
possible explanation is that the neutral influx and enhanced radiation at
the pulsed gas port reduced the local electron temperature. The particles
would not flow into the marfe until the marfe temperature dropped below
this value. The time required for the marfe to cool might explain the
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delay. Radial temperature and density profiles are needed at the pulsed
gas port to compare to the profiles taken by the marfe probe. This data
could establish whether the flow of particles occurs when the temperature
in the marfe drops below the temperature at D-top. The density
measurement would also confirm the elevated density at D-top. A probe
already exists on D-top port, but was designed for RF work, and was not
intended for measurements much beyond the virtual limiters. A probe
capable of withstanding high density and thermal load is needed.
One perplexing result is the density scaling of central molybdenum
radiation and thermal loading to the limiter. As the plasma density was
lowered molybdenum density increased but the thermal load to the limiter
remained constant. This result suggested that the limiter may not have
been the principal source of molybdenum that enters the discharge.
However, when Alcator was operated with a carbon limiter, molybdenum
concentrations dropped a factor of 10. Two explanations are likely,
first, molybdenum was sputtered from the limiter, and second, the heat
deposition was highly localized, such as from a relativistic electron
beam. These mechanisms need to be confirmed by direct measurement.
The reason the poloidal position of the marfe is independent of
toroidal position is not understood. A mechanism is suggested by two
observations, first, low-Z impurities were excluded from outside the
marfe, and second, the most likely mechanism for marfe radiation was light
impurity emission. It is possible that low-Z impurities collected on the
upper inside of the torus, and the marfe is merely a consequence of their
concentration.
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Another explanation is that power conduction from the plasma center
is anisotropic, such as in PDX. If more power were conducted to the
outside, (large major radius), on Alcator C, then the inside edge, (small
major radius), would tend to be cooler. The cooler plasma would radiate
more effectively from low-Z impurities, which would cool the plasma
further, and might initiate the marfe.
If the cause of the marfe is a local concentration of impurities,
then the question still remains, why do they collect on the upper inside
of the torus. There is substantial evidence that impurities do distribute
non-uniformly. An up/down impurity asymmetry was seen on Alcator A by
Terry [97). The asymmetry was explained as the result of the B x VB
drift. An alternative explanation was that the asymmetry was due to
neoclassical transport at the plasma edge [98]. Up/down impurity
asymmetries have also been seen on PLT [99), and ISX-A [34]. The
explanation given for the ISX-A result was the impurity flow reversal
model. Theoretical models for an in/out impurity asymmetry have also been
proposed collectively by Hazeltine, Wiley, Chang, and Ware [100,101,102].
Taken together, these theories might explain a concentration of impurities
in the upper inside, but would need experimental verification on Alcator
C.
10.3 RELATION OF CONFINEMENT TIME TO MARFES
In this final section, I will return to the original question
motivating this study: does radiation reduce the Alcator C energy
confinement time at high density. Because central radiation is negligible
at high density, the question is restated as: does the marfe reduce
- 228 -
confinement. The marfe could reduce confinement indirectly. For example,
if it extended inside the limiter radius it could compress the temperature
profile and steepen the gradient.
Evidence that favors the marfe being a cause of confinement loss is:
1. For 16.5 cm plasmas, the threshold density at which marfes began
is roughly the same as the density at which confinement started
to degrade.
2. Confinement degraded on Alcator C for 16.5 cm high density
plasmas, where the marfe was severe. Confinement did not degrade
on Alcator A where marfes were not observed, or degrade as
seriously for 10 cm plasmas on Alcator C where the marfe was also
less severe.
3. Strong marfes have caused confinement loss. An example is shown
in fig. 10-1. A marfe radiating an unusually large amount of
power began abruptly at 300 ms. Simultaneously the loop voltage
increased and the plasma current was reduced. The increase in
plasma resistance indicated a confinement loss, correlated with
the onset of the Marfe.
4. In order for the particles to flow from D-top to F-port, they had
to pass inside the B-port limiter, which indicates that the marfe
extends inside the limiter radius. The marfe could reduce
confinement by choking the plasma and restricting its size.
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Confinement Loss
Shot #37 March 2, 1982
I 125 kA /div
Ve 1.5 Volts /div
i, Central
Soft X-ray
Inside Bolometer Channel:
2 watts /cm 2 /steradian
H2
Marfe Probe 2 ma Idly
Inside Density Channel
Large Marfe and Reduction of Energy Confinement
Fig. 10-1
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Arguments against the Marfe being responsible for confinement loss
are:
1. When moderate Marfes occurred, no abrupt change was seen on the
loop voltage.
2. Marfes occur at the plasma edge where radiation does not directly
affect confinement.
3. High density, non-Marfe discharges were investigated, and a
saturation in confinement was found primarily for smaller
limiters.
One experiment that would clarify whether marfes do affect
confinement and also improve understanding the density accumulation would
be to use both top and bottom pulsed gas valves during a single run. Then
the emission and density buildup of the marfe could be compared for the
two valve positions, but identical discharges otherwise. If there were a
change in the intensity of the marfe, then this would provide a convenient
method for testing the dependence of confinement on the marfe. The data
gained from this experiment would lead to better understanding of the
marfe and might lead to the alleviating of the confinement problem.
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